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UNIVERSITY OF SOUTHAMPTON 
ABSTRACT 
 
FACULTY OF ENGINEERING AND THE ENVIRONMENT 
SCHOOL OF ENGINEERING SCIENCES 
 
Doctor of Philosophy 
EARTH TIDES, EARTHQUAKES OCCURRENCE AND EARTH 
DEFORMATION 
by Tarek Salem Kansowa 
An analysis of Earth deformation, earthquakes and tides has been undertaken 
using Earth tide and interferometric SAR data from ESA satellites.  The ability 
of Earth tides to trigger earthquakes has been investigated by measuring the 
statistical  relationship  between  earthquake  occurrence  and  Earth  tides. 
Analysing Earth tides data with earthquakes occurrence using Shuster’s test has 
shown  that  there  is  a  correlation  between  Earth  tides  and  earthquake 
occurrence.  The  significance  of  this  correlation  has  been  examined  as  a 
function of location, earthquake depth and magnitude. It has been found that 
the correlation is especially significant for low magnitude earthquakes. The two 
regions  in  California  examined  show  similar  correlations  but  significant 
differences in the phase angle of the correlation. Possible reasons for these 
differences and the role of ocean load tides are discussed in this thesis.  
  SAR data are used to detect the Earth displacement related to two recent 
earthquakes  in  the  Californian  area.  InSAR  technique  has  been  applied 
successfully  to  the  Bam  earthquake  in  Iran  in  2003.    The  results  for  Earth 
displacements  in  the  Parkfield  area  are  less  satisfactory  but  a  number  of 
interference fringes over a wide area due to a particular earthquake have been 
observed.   
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Chapter 1 
Introduction 
1.1  Objective 
It is the intention of this research to investigate the relationship between 
data provided by Interferometric Synthetic Aperture Radar (InSAR) and Earth 
tide data with a view to examining the relationship between earthquakes, Earth 
displacement and Earth tides. An underlying objective is to examine whether 
tidal forces can provide information that can be used to predict earthquakes and 
the identification of any indicator that the Earth tides are triggering additional 
movement that might be the precursor to an earthquake. 
  Earth tides are the largest short period oscillatory strains in the Earth 
(Knopoff, 1964). The amplitude of Earth deformation related to Earth tides can 
reach up to 40 cm.  Earth tides data can be predicted for any place and any time 
using  the  tidal  potential  catalogues.  This  allows  parameters  such  as  tidal 
potential, gravity tides, tilt tides, vertical or horizontal displacement, vertical or 
horizontal strain, volume strain areal strain, share strain and oceanic tide to be 
assessed for any particular  station.  
SAR (Synthetic Aperture Radar) data from satellites can cover a wide 
spatial area but the necessity to measure Earth displacement using the InSAR 
technique requires at least two images of the same location and therefore it is 
limited in time by the availability of images. The original aim of the research 
was to integrate data from GPS and the InSAR data to provide better spatial Tarek Kansowa                 Chapter 1 
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and temporal coverage for any particular region. This aim was modified when 
the results from the InSAR work for the regions of interest were not sufficiently 
accurate to enable a comparison to be made. 
1.2  Study Area 
The  original  area  of  interest  was  the  South  Eastern  Mediterranean 
including  Egypt.  This  is  an  area  that  is  defined  as  having  medium  to  high 
earthquake risk. It was an area of particular interest to the author and to the 
body sponsoring the work for the PhD. Initial analysis was concerned with the 
use of SAR data but it became clear that the limited number of earthquakes and 
the limitations of satellite SAR coverage would make it difficult to fulfil the 
objectives of the research in this area. 
As a result of these difficulties the area of interest was changed to the 
South of California and the Parkfield area. This area is defined as one of high 
earthquake risk. The Californian area is described as a large laboratory to study 
Earth  displacements  and  earthquakes  as  the  area  is  well  covered  by  GPS 
stations and seismic instruments (Bakun et al., 2005). It is also well covered by 
satellites such as Envisat, ERS2, which provide a lot of information about this 
area (Donnellan et al., 2002). 
1.3  Thesis Organization 
The thesis consists of 6 chapters including this one. Figure 1.1 shows the 
diagram of the thesis and a brief outline of each chapter is giving below. 
After the introductory chapter outlining the objectives of the research 
the relevant literature is considered in Chapter 2. The correlation between tidal 
stress and earthquake events and the use of InSAR are discussed. 
The  two  sources  of  data  used  in  this  research  are  described  in  the 
following two chapters. In Chapter 3 the Earth tides and its history are given. 
Tidal phenomena including tidal acceleration, type of tides and type of tidal Tarek Kansowa                 Chapter 1 
 
 
  3
waves are described. The calculation of tidal potential, the analysis of Earth 
tides and the use of the least square adjustment model in Earth tides prediction 
are  explained.  The  format  of  the  input/output  files  used  by  the  Eterna33 
software package is described and the accuracy of the software is considered. 
Chapter 4 describes the principle of radar and the use of Synthetic Aperture 
Radar  (SAR).    Different  modes  of  SAR  operation,  Interferometry  Synthetic 
Aperture Radar, and the Interferometry Synthetic Aperture Radar applications 
are also described. Using satellite remote sensing to detect and measure Earth 
displacement  due  to  earthquakes  is  considered.  Data  acquisition  and  data 
processing are also shown to investigate the use of SAR data to produce the 
displacement image.  
Chapter 5 analyses the results produced by using the two types of data; 
Earth tides and SAR data. The relation between Earth tides and earthquake 
occurrences  is  measured  statistically  by  applying  Schuster’s  test.  Each 
earthquake is assigned a phase angle between  180 and 180 degrees based on 
its occurrence time with respect to the local Earth tides. The value of p is used 
to determine the null hypothesis that earthquakes occur randomly with respect 
Figure 1.1 Thesis Structure 
 
 
Chapter 3 
Earth Tides 
 
Chapter 5 
Results 
 
Chapter 4 
InSAR 
Chapter 6 
Conclusions 
& Future 
Work 
 
Chapter 2 
Literature 
Survey 
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to the phase angle of the tidal variation. The p value is calculated for different 
earthquakes  magnitudes  and  depths  and  significant  correlations  have  been 
found for certain earthquake magnitude and depths. More analysis has been 
done  by  classifying  the  data  according  to  the  earthquakes  location  (near  or 
away from San Andreas Fault). Clear correlations for both areas have been 
found but with different phase angle (angle where earthquakes tend to occur). 
Further investigation has been done to identify the effect of ocean load tides. 
The results of analysis of SAR data are also given and the InSAR processing 
steps are explained.  
Finally, Chapter 6 contains the conclusion and future work. 
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Chapter 2 
Literature Survey 
2.1  Earth Tides and Earthquakes 
It has been postulated for at least a century that earthquakes and Earth 
tides  are  linked.  Many  authors  in  the  past  (Schuster,  1897,  Knopoff,  1964, 
Simpson,  1976,  Shudde  and  Barr,  1977,  Heaton,  1982,  Curchin  and 
Pennington, 1987, Rydelek et al., 1992)  have found no significant correlations. 
In contrast the effects of tidal effects on volcanic and earthquake activity have 
been observed on many other celestial bodies e.g. “moonquakes” beneath the 
surface  of  Earth's  moon  are  known  to  be  linked  to  tidal  stress  variations 
primarily  induced  by  perturbations  to  the  Moon's  orbit  (Lammlein,  1977, 
Lognonne,  2005).  The  Earth  is  a  much  more  geologically  complex  and 
dynamic than the Moon and there are many more stresses at work.  The stress 
associated  with  Earth  tides  can  be  up  to  5x10
3Pa  and  ocean  basins  water 
loading  can  build  stresses  up  to  nearly  5x10
4Pa  (0.5  bars)  (Cochran  et  al., 
2004). Whilst this stress is a small fraction of the stress released during an 
earthquake  which  is  typically  5 50MPa  for  moderate  and  large  earthquakes 
(Allmann and Shearer, 2009) the change in stress associated with Earth tides 
are comparable with changes in stress that are known to affect earthquakes (Ziv 
and Rubin, 2000). Whilst the rate of change of the tidal stress can exceed 20 
mbar/h (Heaton, 1975), the rate of change of the tectonic stress is typically 
about 0.2 mbar/h (Stacey, 1977). In view of these findings and the fact that the 
rate of stress change associated with Earth tides is generally larger than that of Tarek Kansowa                         Chapter 2 
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tectonic stress accumulation  (Tanaka et al., 2006) it would seem likely that 
there would be a correlation between Earth tides and earthquakes. It is the lack 
of  an  obvious  correlation  of  Earth  tides  with  earthquakes  that  is  somewhat 
surprising.  A  possible  explanation  is  that  there  is  a
  delay  between  the 
achievement of high tidal stresses and
 the triggering of an earthquake. Metivier 
claims that they found evidence that the  Earth solid tide has a considerable 
effect    on  the  earthquake  triggering,  at  least  for  shallow  events  of  small 
magnitude (Metivier et al., 2009). 
Early  work  on  the  possible  correlation  between  Earth  tides  and 
earthquake occurrence was done by Allen in 1936. He studied the effect of the 
temporal variations of the luni solar system and the seismic activity (Allen, 
1936). A correlation was found and Allen claimed that a small tidal stress could 
affect the time of seismic events. Later in 1987, Curchin found that a certain 
stress had to be applied to affect the moment of seismic events (Curchin and 
Pennington, 1987). 
One  of  the  earliest  studies  observations  of  possible  correlations  was 
concerned  with  ocean  tides.  It  was  observed  that  for  several  days  after  an 
earthquake at Ito, Japan, the numbers of earthquakes occurring per hour during 
low tide were higher than during high tide (Nasu et al., 1931). The depth of the 
earthquake and the stress change on the fault plane has been examined of each 
earthquake. Claimed that there was a correlation between the origin time of 
shallow dip slip earthquakes between moderate to large magnitudes and tidal 
shear stress (Heaton, 1975). Later, however, Heaton retracted these findings 
when he examined a larger global catalogue of earthquakes (Heaton, 1982). In 
1987, Dieterich claimed that shallow seismic events should be more susceptible 
to  Earth  tides  because  tidal  dilations  become  relatively  smaller  with  depth 
compared to the increasing confining stresses on faults (Dieterich, 1987). It 
should be noted that all earthquakes considered in this research are shallow i.e. 
occur at depths of <70 km.  Tarek Kansowa                         Chapter 2 
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A  significant  correlation  between  earthquakes  occurrence  and  Earth 
tides was found by Tsuruoka (Tsuruoka et al., 1995). A set of 988 earthquakes 
distributed  worldwide  was  investigated  and  the  results  showed  a  significant 
correlation between Earth tides and the occurrence of normal fault earthquakes.  
These  early  studies  were  based  on  Earth  tides  and  did  not  take  into 
account  ocean  loading  effects  which  can  be  significant.  Other  studies  were 
based on the correlation of earthquakes and ocean tides.  After the October 
1983 Miyake Jima volcano eruption, for the  next 14 days, the hourly number 
of earthquakes was found to peak at low tide or at high tide (Kasahara, 2002). 
A further eruption on 8
th July 2000 was followed by several earthquakes that 
showed a similar correlation with ocean tides. In 2002, Tolstoy  found evidence 
that earthquakes occur more frequently near low tides, especially the lowest 
spring tides, when the extensional stresses are a  maximum in all  directions 
(Tolstoy et al., 2002). A possible explanation was the decrease in confining 
pressure when some of the weight of the water was removed at low tide. A 
different result was found by Cochran who found a better correlation of Earth 
tides  with  shallow  earthquakes.  When  both  Earth  tides  and  ocean  tides  are 
taken  into  account  large  earthquakes  were  three  times  more  likely  to  occur 
during high tides than low tides (Cochran et al., 2004). The team's research 
took into account all the magnitude 5.5 or greater earthquakes that occurred 
from 1977 through 2000, along coastlines that also happened to feature so 
called thrust faults, where one side of the fault is slipping below the other. 
There  have  been  a  number  of  recent  papers  that  have  investigated  a 
possible  relationship  between  Earth  tides  and  earthquakes.  Several  have 
demonstrated a significant correlation with certain types of earthquake although 
some  had  provided  contradictory  evidence  for  correlation.  Tanaka  in  2002 
found that a high correlation was found with the shear stress for the reverse 
fault type (Tanaka et al., 2002a) . On the other hand in 2009, Metivier found 
that  earthquakes  in  regions  with  dominantly  normal  and  strike slip  faulting 
seem to exhibit more tidal triggering than regions dominated by thrust faulting Tarek Kansowa                         Chapter 2 
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but  there  was  no  statistically  significant  evidence  for  a  focal  mechanism 
dependence on earthquake triggering (Metivier et al., 2009). 
Tanaka studied the relation between Earth tides and earthquakes that 
occurred before the 2004 Sumatra earthquake Mw= 9.0 (Tanaka, 2005). The 
results showed a high correlation for the ten years before the 2004 Sumatra 
earthquake  especially  around  the  initial  rupture  point  of  the  future  large 
earthquake. They did not observe the same correlation at other times and over 
the  larger  region.    They  also  observed  that  the  peak  earthquake  occurrence 
occurred when the tidal shear stress was at its maximum. The study suggests 
that if the tectonic plate stress is near a critical condition, a small variation in 
the stress due to the Earth tide can trigger a large earthquake.  
A  study  of  about  9350  earthquakes  with  magnitude  5.5  at  least  has 
investigated the relationship between earthquake and Earth tides (Tanaka et al., 
2002a). The results show that a high correlation appears between reverse fault 
type earthquakes and Earth tides, and a significant correlation between large 
normal fault type earthquakes and Earth tides. There was less evidence that 
other types of faults have the same correlation with tides. Some researchers 
have said that Earth tides correlate weakly with earthquakes (N. M. Beeler, 
2003).  These  results  came  from  laboratory  experiments  and  under  some 
constraints  and  not  from  actual  data.  Other  research  found  that  there  is  no 
correlation  between  tides  and  shallow  dip slip  earthquakes  (Heaton,  1982). 
Vidale found that before earthquake’s rupture the stress rate near the fault must 
be larger than the Earth tides stress and larger than the tectonic stress rate. This 
research,  however,  was  limited  to  medium  earthquakes  and  did  not  include 
strong earthquakes (Vidal, 1998).  
Earthquakes with magnitude (Mw ≥ 2.5) and focal depths from 60 to 300 
km located at 45º to 46º N and 22.5º to 27.5º E have been investigated by 
Cadicheanu (Cadicheanu et al., 2007). Shuster’s and Permutation tests have 
been used to find the relation between the earthquakes occurrence and the main Tarek Kansowa                         Chapter 2 
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semidiurnal tidal components M2 (Lunar) and S2 (Solar). The results for both 
tests  showed  that  there  was  no  significant  correlation  when  all  earthquakes 
were included. When the data was classified into bins of one year with sliding 
windows of 30 days, a significant correlation was observed between the tidal 
potential and earthquake occurrence for some windows,  
Other  results  by  Tanaka  show  that  whilst    no  correlation  is  found 
between  earthquake  occurrence  and  shear  stress,  a  clear  and  significant 
correlation is found for normal stress (Tanaka et al., 2002b). 
Thomas  identified  a  correlation  between  extremely  small,  tidally 
induced shear stress parallel to the San Andreas Fault and non volcanic tremor 
activity  near  Parkfield,  California.  This  work  is  particularly  relevant  to  the 
research  presented  in  this  thesis  because  of  the  location  of  the  earthquakes 
considered (Thomas et al., 2009).  
2.2  Measuring Earthquakes displacements using InSAR  
Ground deformation can be measured by using the InSAR technique. 
The component of the ground motion parallel to the satellite line of sight vector 
is measured. Although the InSAR measurements are not as accurate as GPS, 
good spatial coverage can be provided (Ge et al., 2009).   
2.3  Schuster’s Test 
In order to quantify the correlation between Earth tides and earthquakes 
a  statistical  measure  is  required.    The  correlation  between  Earth  tides  and 
earthquake occurrences can be measured statistically by applying Schuster’s 
test as described by Shlien, Heaton and Tanaka (Shlien, 1972, Heaton, 1975, 
Heaton, 1982, Tanaka et al., 2002a). If the time of the earthquake is plotted 
against  the  Earth  tides,  a  phase  angle  can  be  defined.  The  phase  angle  is 
between  180º to 180º as seen in Figure 2.1.  Tarek Kansowa                         Chapter 2 
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Each earthquake is represented by a unit vector which determines its 
direction relative to its phase angle.  Schuster’s test is used to determine if the 
time  of  the  earthquake’s  occurrence  has  a  correlation  with  the  Earth  tide 
variation. The Schuster’s test can be given as: 
D is the vector sum of the earthquakes defined as a unit length with a 
tidal phase defined as shown in Figure 2.1 and 
 
where 
N= Number of earthquakes 
θ  = Phase angle shift 
2
1
2
1
2 ) sin ( ) cos ( ∑ ∑
= =
+ =
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Figure 2.1 Tidal phase angle shift (Tanaka 2002a) Tarek Kansowa                         Chapter 2 
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Schuster  test  can  be  thought  of  as  an  investigation  of  the  phase 
distribution using the random walk model (KISZELY, 2010). Figure 2.2 shows 
a diagram of a sum of all vectors of a vector sequence of which its origin is the 
first  point  and  D  is  the  distance  between  the  origin  and  the  end  of  vector 
sequence. If D is relatively large this indicates that there is periodicity of the 
data set and there is a phase where earthquakes tend to occur. 
 
 
 
 
 
 
 
The  value  of  p  is  used  to  determine  the  null  hypothesis  that  the 
earthquakes  occurs  randomly  with  respect  to  the  phase  angle  of  the  tidal 
variation. The value of p can be between 0 and 1, as p approaches 0 the null 
hypothesis that earthquakes occur randomly tends to be small i.e. there is a 
positive  correlation  between  the  Earth  tide  phase  and  the  occurrence  of 
earthquakes. In this research the p value is typically described as a percentage 
where 100% is equivalent to 1. A p value less than 5% is usually considered to 
indicate a positive correlation between Earth tides and earthquakes occurrence 
(Tanaka et al., 2002a).  
The p value does depend on the number of events, N. If N is small e.g. 
less than 10 the p value will tend to be large.  The value of N that is sufficient 
depends on the particular correlation being investigated. A value of N less than 
100 could lead to a p value that could be defined as significant but events that 
are related in some way e.g. aftershocks, could be affecting the correlation.  
Figure 2.2 Example of Vectors Sum 
V1 
V2 
V3 
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2.4  Possible Mechanism for Earthquake Triggering 
The  location  of  earthquakes  around  the  world  is  not  randomly 
distributed.  Earthquakes  tend  to  be  concentrated  near  tectonic  plates 
boundaries. Most earthquakes occur due to the tectonic plates movements. The 
Earth consists of four layers; inner core, outer core, the mantle and the crust. 
The crust layer consists of plates which are continuously moving slowly in the 
mantle layer. Due to the movements of these plates which differ in speed and 
direction,  stress  builds  up  at  tectonic  boundary  areas.  In  time  the  stress 
becomes  enough  to  break  the  crust  and  release  energy  and  at  this  time  an 
earthquake occurs. As the stress at boundary areas builds up with time any 
additional stress applied to a fault system that is near failure may initiate the 
rupture process that produces an earthquake. When tectonic stress reaches a 
critical  stress  then  an  earthquake  occurs  and  the  stress  drops  (Curchin  and 
Pennington,  1987,  Thatcher,  1984).  If  the  tectonic  plate  stress  is  near  the 
critical condition, it is the contention of many researchers that a small variation 
in the stress due to the Earth tide could trigger a large earthquake. The fact that 
there  is  considerable  evidence  that  earthquakes  can  be  triggered  by  other 
earthquakes (Nur and Cline, 2000) adds weight to this contention.  
2.5  Causality 
There are two aspects to the examination of the possibility of triggering 
of earthquakes by Earth tides. The first is the identification of a significant 
correlation and the second is the identification of the cause of this correlation. 
There are many examples of the fallacy of false cause or that correlation proves 
causation.  Recent  research  has  shown  that  there  is  a  relation  between 
earthquake  occurrence  and  Earth  tides.  This  relationship,  however,  is  not 
straightforward and it is a further difficult step to demonstrate causality.  An 
understanding  of  the  relative  magnitudes  of  the  forces  involved  and  in 
particular the relative rate of change of stress suggests that there should be a 
relationship between Earth tides and earthquakes. There is, however, a long Tarek Kansowa                         Chapter 2 
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way to go before this can be quantified and much additional research needs to 
be done.   
  14 
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Chapter 3 
Earth Tides Analysis and Prediction 
3.1  Earth Tides 
Earth  tide  is  the  tidal  variation  of  the  Earth  surface  in  response  to 
lunisolar gravitational attraction. It consists of two terms; a direct term and an 
indirect term. The direct term is called the body tide and is due to the tidal 
potential and the indirect term is called the ocean load tide and occurs due to 
the ocean tide.  
The  Moon  revolves  around  the  Earth  as  a  natural  satellite,  it  rotates 
around the Earth and its axis once every 27.322 days, and so the same side of 
the Moon always faces the Earth. The Moon is tidally locked to the Earth. The 
Moon orbits the Earth at a distance of about 384,000 km. The closest point 
(perigee) and the farthest point (apogee) are about 356,410 km and 406,700 km 
respectively from the Earth. A billion years ago, the Moon was about 200,000 
km distance from the Earth, and so the Earth tides were stronger.  
The Moon has a diameter of 3,476 km or about 27% of Earth diameter, 
and  a  mass  of  7.35  ×  10
22  Kg  or  about  1.23  %  of  the  Earth’s  mass.  This 
provides  a  gravitational  force  of  about  17%  of  Earth  gravity  on  the  Moon 
surface, and it has mean density of 60% of the Earth’s density. Although the 
size of the Moon relative to the Earth is much smaller than the size of the Sun 
relative to the Earth, the effect of the gravitational tidal of the Moon is more 
than twice as strong as the gravitational tidal effect of the Sun. Table 3.1 shows  Tarek Kansowa                  Chapter 3 
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the  tidal  acceleration  applied  on  the  Earth  surface  due  to  other  planets 
(Melchior,  1982).  The  table  shows  that  nearly  all  of  the  tidal  acceleration 
applied on the Earth comes from the Moon and the Sun. 
 
 
Table 3.1 The maximum tidal acceleration on Earth surface from other planets 
(Melchior 1982) 
 
Planet  Tidal Acceleration 
Moon 
Sun 
Mercury 
Venus 
Mars 
Jupiter 
Saturn 
Uranus 
Neptune 
Pluto 
1.37 × 10
 06 m/s
2 
0.50 × 10
 06 m/s
2 
3.64 × 10
 13 m/s
2 
5.88 × 10
 11 m/s
2 
1.18 × 10
 12 m/s
2 
6.54 × 10
 12 m/s
2 
2.36 × 10
 13 m/s
2 
3.67 × 10
 15 m/s
2 
1.06 × 10
 15 m/s
2 
7.61 × 10
 20 m/s
2 
 
Tides occur due to the combination of two gravitational forces applied 
on  the  Earth;  the  Sun  gravitational  force  and  the  Moon  gravitational  force. 
Spring  tides  occur  when  the  gravitational  force  of  the  Moon  and  the 
gravitational force of the Sun act in the same line. Neap tides occur when the 
gravitational  force  of  the  Moon  and  the  gravitational  force  of  the  Sun  act 
perpendicular to each other. 
The Earth is not rigid; most of Earth is molten  metal and rock.  The 
Earth's shape is an oblate spheroid due to the centripetal acceleration caused by 
its rotation. The Earth rotates around its axis once per day, and so the Earth 
tides are twice per day.  Tarek Kansowa                  Chapter 3 
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3.2  Earth Tides History 
  At the beginning of the Christian era, the periodically rising and falling 
of the ocean water was observed (Melchior, 1982). In 1757 Ximenes tried to 
find out the effect of lunar solar attraction on the direction of the vertical. 
The first equation describing the reaction of the ocean water to the tidal 
forces was formulated in 1776 by Laplace. This is widely used by scientists in 
many applications. 
  In 1824 the mathematician Abel was the pioneer that showed that the 
direction of the vertical is not constant due to the lunar solar attraction. By 
1844, the first correct calculation of the vertical was published by C. A. Peters 
(sportfishing, 2010).  
  The idea that the Earth was rigid had changed by the beginning of the 
nineteenth century. Scientists started to think that the Earth was not entirely 
rigid  and  that  it  can  be  deformed  by  other  global  aspects.  The  astronomer 
Brioschi started to investigate if there was a recurring variation of the vertical 
and to study Earth deformation. 
By 1831 d’ Abbadie started his studies in France about vertical variation 
and  his  results  showed  that  there  is  an  irregular  variation  near  the  gulf  of 
Gascony due to ocean tides. 
  A horizontal pendulum was the first instrument used to study Earth tides 
and seismology. The horizontal pendulum instrument was invented by Hengler 
of  Munich  but  it  was  Zöllner  in  1832  that  used  the  horizontal  pendulum 
instrument  in  geophysics  and  later  made  a  lot  of  improvements  to  the 
equipment.  Von  Rebeur  Paschwitz  (About.com,  2010)  applied  some 
modifications to improve the work of the horizontal pendulum instrument, and 
he was the first person to record the deviation of the vertical due to Earth tides. Tarek Kansowa                  Chapter 3 
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The body tide parameters have been evaluated by analyzing tide gauge 
data using fourteen harbours distributed all over the globe by Darwin (1882). 
There was a difference between the observed long period tide amplitude and 
the  theoretical  amplitude.  This  was  considered  to  be  due  to  the  vertical 
displacements of the ocean bottom with these tidal periods.  
  Hecker (1903) used the horizontal pendulums to explain the difference 
between the calculated amplitude factor (the ratio between the observed and 
theoretical tilt amplitude) provided by the north south component and east west 
component. He pointed it to the indirect effect of the water masses moving in 
the nearby seas. 
  Farrell  (1972)  used  the  Gutenberg Bullen  standard  Earth  model  to 
compute the Green's functions for continental and oceanic. The elastic variation 
due to local loading such as great lakes and ice sheets can be calculated by 
using his results. 
  Baker and Lennon (1976) calculated the amplitude factor and the phase 
difference  (the  difference  between  observed  and  theoretical  phase)  through 
Europe. For a standard solid Earth the amplitude factor should be about 1.16 
and the phase difference should be 0.0°. The results show that the amplitude 
factor is between 1.13 and 1.31 and the phase difference is between  4.9° and 
+1.1°. They attributed the difference to the effect of ocean tide loading.  
3.3  Earth Tides Phenomena 
Each body moving in a stationary orbit in the universe is affected by two 
forces;  the  gravitational  force  produced  by  other  bodies  and  the  centrifugal 
acceleration  force;  a  fictitious  force  that  is  used  to  account  for  the  motion 
observed in a rotating frame of reference. These forces balance at a body’s 
centre  of  mass  but  the  gravitational  forces  are  position  dependent.  The 
difference between the two forces at any point leads to  tidal  accelerations  of 
less than ±1 m/s
2 or 10
 7  of the Earth’s
 gravity (Wenzel, 1997b). Tarek Kansowa                  Chapter 3 
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At  any  station  (or  place)  tidal  acceleration  can  be  calculated  by  two 
different methods: 
1   Using  ephemerides  (coordinate):  The  direct  term  of  the  tidal 
acceleration can be computed by  using the  coordinate of celestial 
bodies (Moon, Sun, and other planets) with very high precision. This 
method  is  called  benchmark  series  as  it  is  used  to  check  tidal 
potential  catalogues.  The  first  program  created  to  calculate  tidal 
acceleration was done by Longman 1959. Seven years later Munk 
and Cartwright created a program to calculate tidal potential based 
on  lunar  ephemeris.  Programs  derived  by  Harrison  (1971)  were 
distributed as a module in  software packages such as PIASE and 
SPOTL,  Tamura  (1982),  Broucke,  Zurn  and  Slichter  (1972),  and 
Merriam (1992) (Agnew, 2005). The disadvantage of this method is 
that it doesn’t contain the effect of ocean loading on the tides. 
2   The use of a tidal potential catalogue. This is a table of amplitudes, 
phases  and  frequencies  of  a  tidal  wave  created  using  the  spectral 
analysis of the tidal potential. Spectral analysis is a procedure that 
represents a time series as a spectrum of cycles of different lengths. 
Nowadays,  there  are  available  several  tidal  potential  catalogues 
which differ in the total number of waves and accuracy. Table 3.2 
contains  some  tidal  potential  catalogues.  Using  this  method  with 
some additional information about Earth seismology and an ocean 
model, tidal potential can be computed with high accuracy. 
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Table 3.2 Available tidal potential catalogue (Wenzel, 1997b) 
Catalogue  No. of waves  Accuracy(nm/s
2) 
Doodson (Doodson, 1921) 
Carwright and Carwright (Carwright 
and  Tayler,  1971,  Carwright  and 
Edden, 1973) 
Büllesfeld (Büllesfeld, 1985) 
Tamura (Tamura, 1987) 
Xi (Xi, 1989) 
amura (Tamura, 1993) 
Roosbeek (Roosbeek, 1996) 
Hartmann  (Hartmann  and  Wenzel, 
1995a,  Hartmann  and  Wenzel, 
1995b) 
337 
505 
 
 
656 
1200 
3070 
2060 
6499 
12935 
1.0408 
0.3844 
 
 
0.2402 
0.0834 
0.0642 
0.0308 
0.0200 
0.0014 
3.4  Tidal Acceleration 
  The tidal acceleration 
→
b  at any station or any place on the Earth P is the 
sum of two accelerations; Gravitational acceleration  p a
→
 due to celestial body 
attraction at point P and centrifugal acceleration  0
→
− a  generated by the motion 
of the Earth around the barycentre of the two body system; the Earth and the 
celestial body as seen in Figure 3.1.   
The tidal acceleration vector 
→
b  can be given by using Newton‘s gravity 
law.  
s
s
s
GM
d
d
d
GM
a a b
b b
p
→ →
→ → →
⋅ − ⋅ = − =
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Where  
G: Newtonian Gravitational constant = 6.6672 ×10
 11 m
3  
Mb: Mass of the celestial body 
→
d : Topocentric distance vector 
→
s : Geocentric distance vector 
At the geocentre where 
→
d  and 
→
s  are equal,  
→
b  will be zero 
The  tidal  acceleration  on  the  Earth’s  surface  in  Equation  3.1  due  to 
rotation of the Earth around a celestial body is not only valid for the Sun but 
also valid for all nearby planets (Moon, Mercury,…) in the solar system as 
shown in Table 3.1. 
The tidal accelerations are symmetrical in three orthogonal axes; A A’, 
B B’, and C C’ as show in Figure 3.2. There is no any net acceleration on the 
Earth  as  the  C C’  axes  goes  through  the  earth’s  centre.  The  gravitational 
acceleration is not the same at each point in the Earth surface and is not in the 
same direction (Ahrens, 1995). 
Figure 3.1 Gravitational acceleration, orbital acceleration and tidal 
acceleration. Adapted from Wenzel 1997b 
Celestial 
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3.5  Type of Tides 
Earth tides types can be classified in terms of the number of high and 
low tides per day. There are three different types of tides (Godin, 1988) : 
1   Semidiurnal tide: It consists of two high tides and two low tides per 
lunar day (A lunar day is the time it takes for the Earth to rotate one 
revolution with respect to the Moon). The term semidiurnal refers to 
the fact that the high tide and low tide occur once each 12 hours. 
Examples of the semi diurnal waves groups are M2, S2, N2, 2N2, 
T2, R2, Km2, and Ks2 (Willemsen, 2010). 
2   Diurnal tide: It consists of one high tide and one low tide per lunar 
day. The term diurnal refers to a high tide and a low tide that occurs 
once each day. Examples of the diurnal waves groups are O1, Km1, 
Ks1, P1, Q1, LK1, NO1, S1, J1 and OO1. 
Figure 3.2 Tidal Acceleration due to the Moon at the surface of the Earth (Wenzel 
1997b) 
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3   Mixed tide: it is a mixture of semidiurnal tide and diurnal tides. This 
type  of  tides  is  commonly  found  in  the  Indian  Ocean  and  in  the 
China Sea. This tide has two high and two low tides per day, but the 
tides are of different magnitudes. 
Table 3.3 shows the period, vertical amplitude and horizontal amplitude 
for semi diurnal, diurnal and long period tidal wave. 
Table 3.3 Main tidal wave and its name, period, vertical amplitude and 
horizontal amplitude from Wiki http://en.wikipedia.org/wiki/Earth_tide 
Darwin 
Symbol  Name  Period 
Vertical 
Amplitude 
(mm) 
Horizontal 
Amplitude
(mm) 
Semi Diurnal 
M2 
S2 
N2 
K2 
Principal lunar 
Principal solar 
Major lunar elliptical 
Luni solar declinational 
12.42hr 
12.00hr 
12.66hr 
11.98hr 
384.83 
179.05 
73.69 
48.72 
53.84 
25.05 
10.31 
6.82 
Diurnal 
K1 
O1 
P1 
φ1 
ψ1 
S1 
Luni solar declinational 
Principal lunar 
Principal solar 
 
 
 
23.93hr 
25.82hr 
24.07hr 
23.80hr 
23.87hr 
24.00hr 
191.78 
158.11 
70.88 
3.44 
2.72 
1.65 
32.01 
22.05 
10.36 
0.43 
0.21 
0.25 
Long period 
Mf 
Mm 
Ssa 
Sa 
Lunar node 
Lunar fortnightly 
Lunar monthly 
Solar semi annual 
Solar Annual 
Lunar node 
13.66d 
27.56d 
0.50y 
1.00y 
18.61y 
40.36 
21.33 
18.79 
16.91 
2.97 
5.59 
2.96 
2.60 
2.34 
0.41 
h = hours; d = days; y=year 
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3.6  Types of Tidal Waves 
  Tides types can be classified according to the latitude φ, longitude λ and 
radius vector r (Melchior, 1982). The differential gravity potential W(r, φ, λ) at 
a  point  A(r,  φ,  λ)  due  to  a  body  (  Moon,  Sun  ,  …)  at  distance  d  can  be 
calculated as:  
Where 
M: the mass of the body  
Pn: Legendre’s polynomial of order n 
z: geocentric zenithal distance of the body at the point A 
By choosing the origin as the centre of mass the n=1 terms are 0.The 
second and third order of W can be given as: 
  By using the fundamental formula of the position triangle of spherical 
astronomy (φ ,δ,H) rather than the local coordinate 
where φ is the polar angle (increasing towards south), and δ is the declination 
and H is the local hour angle 
Applying this to Equation 3.3 on the second order of W gives: 
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The  three  families  of  spherical  harmonics  terms  are  referred  to  as 
sectorial wave, tesseral wave and zonal wave as shown in Figure 3.3. 
3.6.1  Sectorial Waves 
Figure 3.3a shows the first family of the spherical harmonics terms in 
Equation 3.3. The period of these waves is semi diurnal and its magnitudes 
vary  from  a  maximum  at  the  equator  to  zeros  at  poles.  Examples  of  semi 
diurnal waves are M2, the sectorial wave due to lunar attraction, and S2, the 
sectorial wave due to solar attraction. 
3.6.2  Tesseral Waves 
Figure  3.3b  shows  Tesseral  waves  with  diurnal  period,  the  wave’s 
magnitudes  are  maximum  at  latitudes  at  +45º  to   45º  and  minimum  at  the 
equator and poles. Examples of diurnal waves are K1, O1, and P1. 
3.6.3  Zonal Waves 
Figure 3.3c shows zonal waves with a long period; fourteen days for the 
Moon and six months for the Sun. The waves amplitude are maximum at poles 
and minimum at equator with zero displacement at 35º latitude. Examples of 
long period waves are Mf the lunar fortnightly, Mm the monthly lunar tide, Mo, 
So, Sa, Ssa, Msm, Mm and Msf  
3.7  Tidal Potential 
The gradient of the tidal potential V is the acceleration
→
b :  
where 
r = Radius  vector 
The tidal acceleration is given by Equation 3.1 
 
(3.7) 
→
→ →
∂
∂
= =
r
V
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Figure 3.3 The three kinds of tides (Melchior 1982) 
(a)sectorial b) tesseral c) zonal Tarek Kansowa                  Chapter 3 
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At geocentre  
→
d  = 0, so as
→ →
=0 r , V= 0 and Equation 3.7 can be written as: 
 
 
where : 
ψ  = geocentric zenith angle 
Using a series of Legendre polynomials ) (cosψ l P , Equation 3.8 can be 
formulated as: 
r/s is about 1.6*10
 2 and  4*10
 5 for the Moon and the Sun respectively 
and so the series converges readily. In the most accurate catalogues lmax is equal 
to 6, 3, and 2 for The Moon, the Sun and other planets respectively (Wenzel, 
1997b). About 98% of the tidal potential V comes from degree 2. 
Equation  3.9  represents  the  tidal  potential  in  terms  of  the  geocentric 
zenith  angle.  Representing  the  tidal  potential  in  terms  of  the  geocentric 
spherical coordinates of the point 
→
b  (station) and of the celestial body is more 
convenient. The geocentric zenith angle ψ  of the celestial body can be given 
as: 
 
where 
θ is the geocentric spherical polar distance of the station. 
Θb is the geocentric spherical polar distance of the celestial body 
λ is the geocentric spherical longitude of the station 
Λb is the geocentric spherical longitude of the celestial body 
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After a lot of complicated equations; expanding Legendre polynomials, 
the tidal potential for a specific celestial body can be given as: 
 
where    
 
   Where l, m are the degree and order of the fully normalized spherical 
harmonic respectively. 
It can be seen from Equation 3.11 that the tidal potential depends on the 
latitude of the station. The semidiurnal tides, diurnal tides and long period tides 
reach their maximum at equator, ±45º, and poles respectively. 
The above calculation neglects the forces which are created due to the 
extended mass distributed of the Earth.  These forces affect the Earth by what is 
called the Earth’s flattening effect. Equation 3.11 has to be modified to include 
the earth’s flattening effects and the tidal potential can be given as (Hartmann 
and Wenzel, 1995a, Hartmann and Wenzel, 1995b): 
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⊕ 2 J  is the second degree zonal coefficient of the gravity field of the Earth. 
rb  is the geocentric distance of the celestial body. 
The last two terms of Equation 3.13 represent the flattening Earth effect. 
Both Hartman and Wenzel catalogue (1995) and Roosbeek catalogue take into 
account the flattening Earth effect (Wenzel, 1997b). 
3.8  Earth Tides Analysis 
  The goal of Earth tides analysis is to study the reaction of the Earth to 
the force applied on it from the Moon, the Sun, and other planets and derive an 
accurate  calculated  tidal  forcing  function.  The  reaction  of  the  Earth  to  the 
applied  force  from  the  Moon,  the  Sun,  and  other  planets  is  through  the 
frequency transfer function. The reaction of the station is also important in 
some cases and the properties of the sensor must be taken into account. This 
can be compensated by calibrating the instrument.  
The models used in Earth tides analysis are classified into two classes; 
single input single output (SISO) and multiple inputs single output (MISO). 
Figure  3.4  shows  a  MISO  Linear  Time  Invariant  System  (LTIS)  which  is 
commonly used nowadays. The observation of Earth tides which includes the 
Earth,  station  and  sensor  properties  are  compared  with  the  accreted  tidal 
forcing equation (tide generation potential and tidal acceleration). Most of the 
Earth tide wave parameters are calculated and the unknown parameters can be 
estimated by using a least squares adjustment procedure.  
3.9  Least Squares Adjustment Model 
In  SISO  module  the  mathematical  equation  in  the  frequency  domain 
which describes the reaction of the system Earth Station Sensor can be given 
as: 
where 
(3.14)  ) ( ) ( ) ( f X f H f Y
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(3.16) 
(3.17) 
) ( f X
− = complex spectrum of the Earth tides function. 
) ( f H
− = complex transfer function. 
) ( f Y
− = complex spectrum of observed Earth tides signal. 
 
 
The frequency transfer function,  ) ( f H
− , can be given as: 
 
 
where 
) ( f H = transfer function magnitude. 
) ( f  Φ  = transfer function phase. 
The Earth tide forcing function, x(t), can be given in the time domain as: 
∑
=
Φ + ⋅ =
n
i
i i i t f A t x
1
) 2 cos( ) ( π               
And the observed Earth tide signal y(t) can be given in time domain as: 
∑
=
 Φ + Φ + ⋅ ⋅ =
n
i
i i i i i t f A H t y
1
) 2 cos( ) ( π  
) ( ) ( ) (
f j e f H f H
 Φ −
− ⋅ = (3.15) 
x(t)  y(t) 
Model of tidal 
forcing function 
Observation 
 
EARTH 
 
 
STATION 
 
SENSOR 
 
ANALYSIS 
Transfer function 
H(f) = Y(f) / X(f) 
Figure 3.4 Objective of the analysis of Earth tide observation (Wenzel 1997a) Tarek Kansowa                  Chapter 3 
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(3.18) 
where 
Ai = the amplitude of the Earth tide forcing function 
fi = the frequency of the Earth tide forcing function 
Φi= the phase of the Earth tide forcing function 
Ai , fi, and Φi can be computed using a tidal potential catalogue. 
For MISO the x(t) is used as input in addition to other channel Zm(t) 
inputs such as; air pressure, ground water, gravity pool tide. The output is still 
one output; y(t). The reaction of the system Earth Station Sensor can be given 
as: 
where 
) ( f Zm
−
= complex spectrum of channel number m 
) ( f Rm
−
= complex frequency transfer function of channel number m 
The  observed  Earth  tide  signal  y(t)  can  be  given  in  time  domain  as 
(Wenzel, 1997a): 
where 
rm(r) = weighting function for parameter number m 
r = time lag  
3.10 Earth Tides Prediction 
The main problem predicting Earth tides is that Earth tides are affected 
by ocean tides (Heaton, 1975). The tidal parameters have to be modified to 
∑
− − − − − ⋅ + ⋅ =
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include the ocean tide contribution. A model has been created using 9 different 
ocean  tides  models  (ORI96,  CSR3,  CSR4,  FES95,  FES02,  FES04,  NA099, 
GOT00, and TPX06). There are about 977 tidal stations worldwide grouped to 
21  groups  according  to  their  geographical  position.  The  tide  wave  groups 
parameters (M0S0, SSA, MF, Q1, O1, P1, K1, J1, OO1, N2, M2, S2, K2, M3, 
and M4) can be given in six different options, two options for each software 
package; Predict, MT80w, and T soft. The two options are related to use the 
mean of the nine ocean tide models or use only the mean of six newest ones of 
the ocean tide models (ICET, Ducarme). 
The analysis used on this research has used the ETERNA 3.30 software 
package; a powerful tool which can be used as for Earth tides data processing 
with high accuracy on all areas worldwide.  It has been created by Wenzel 1996 
and a lot of modifications and new models have been added to the software 
package. It enables recording, processing, analysis and prediction for all the 
tidal  wave  parameters  for  any  place  worldwide  e.g.  Earth  tides  gravity, 
displacement, strain, etc. to be predicted with high accuracy.  The ETERNA 3.3 
software has a lot of advantages as it is free to download from the internet, uses  
a large number of tidal wave parameters (12935) and has a high accuracy (rms= 
0.0014 nm/s
2) which is comparable with current day models. 
The  program  runs  under  a  DOS  environment  and  a  small  computer 
specification. A computer with an 80386 microprocessor or upwards of 8MB 
ram and 157 MByte space is enough to run the program. The DOS operating 
system  is  MS DOS  version  5.0  or  upward.  All  the  tidal  wave  parameters 
known for any place worldwide e.g. Earth tides gravity, displacement, strain, 
etc. can be predicted with high accuracy. The predict program is a one modulo 
of the ETERNA 3.3 package, and it is edited using Fortran 90 programming 
language.  It  can  be  used  to  compute  Earth  tides  signals  as  tidal    potential, 
gravity tides, tilt tides, vertical or  horizontal  displacement, vertical, horizontal, 
areal, shear or volume strain, and oceanic tides. The program can use different 
potential catalogue which can be found in Table 3.2.  Tarek Kansowa                  Chapter 3 
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3.11 ETERNA Standard Format 
To run the predict program, two files are needed. The first one contains 
the parameters for the location needed and the second one is an ASCII file 
called  project  that  contains  only  the  name  of  the  first  file  (abbreviated  as 
stname.ini). The first file name is an alphanumerical string that consists of up to 
8  characters.  It  is  used  to  define  the  control  parameter  such  as  latitude  in 
degree, longitude in degree, height in meter, gravity in m/s
2, azimuth in degree, 
starting  day  of  prediction  (year,  month,  and  day),  time  span  in  hours,  tidal 
component, and tidal parameters. It also contains information like the station 
name or location name, the creator of the file, etc. The tidal component takes 
values from  1 to 9 and the tidal predication can be as shown in Table 3.4 
where nstr = 10
 9. 
 
Tidal 
component 
Predict 
 1 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
For tidal potential in m
2/s
2.                        
For tidal gravity in nm/ s
2.                            
For tidal tilt in mas, at azimuth STATAZIMUT.            
For tidal vertical displacement in mm.                   
For tidal horizontal displacement in mm at azimuth STATAZIMUT.                                     
For tidal vertical strain in 10
 9 = nstr.            
For tidal horizontal strain in 10
 9 = nstr, at azimuth STATAZIMUT.                                  
For tidal areal strain in 10
 9= nstr.                
For tidal shear strain in 10
 9= nstr.                
For tidal volume strain in 10
 9 = nstr.                
For ocean tides in mm.    
Figure 3.5 shows an example of the input file stname.ini. 
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A record starting with # will be ignored and the following used as a 
comment as seen first part. Sometimes # appears in the middle of record, it 
means the following part of the record will be ignored and may be used to 
comment on the control parameters. A record starting with TEXTHEADER is 
used to give information about the file creator, station location, etc. and the 
following part is used to define the control parameters as described before. The 
last part is used for tidal parameters for different wave groups, it consists of 6 
Figure 3.5 INI file at San Simeon earthquake epi centre, California Tarek Kansowa                  Chapter 3 
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columns; the first one is the name of control parameter ‘TIDALPARAM’ and it 
is constant for all wave groups. The second and third columns represent the 
start and end frequency of the wave group. Column four and five represent the 
amplitude factor and phase difference of the wave group respectively.    
Two files with the same name (stname) and different extension have 
been  created  after  running  the  predict  program.  The  first  one  called 
stname.PRN contains the information at the stname.INI file which used as the 
input to the predict program. And the second file called stname.PRD contains 
the predicted tidal signal with constant time interval. The output files format 
has to be standard as described in Wenzel  (Hartmann and Wenzel, 1995b). An 
example of the output file can be seen in Figure 3.6. 
The file consists of 3 parts; the first part is the header identifying the 
name of program and the version used to predict the Earth tide. The header also 
identifies the structure of the predicted data (third part) which is column data 
and the name of each column. The second part identifies the wave groups used 
to predict Earth tide where each part in the plant has its wave groups. The third 
part is the predicted data; the first line is a comment then the data surrounded 
by two lines before and after it. The data started at line number four in the third 
part. It consists of six columns which are: 
Column 1: Date in year, month, and day (yyyymmdd). 
Column 2: Time in hour, minute, second (hhmmss). 
Column 3: The sum of the tidal signal and the gravity pole tide and LOD tide 
signals. 
Column 4: Earth tide signal prediction. 
Column 5: Pole tide prediction. 
Column 6: Load tide prediction. 
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3.12 ETERNA and Accurate Earth Tides Prediction 
The ETERNA software package was created mainly to compute Earth 
gravity tides, the accuracy of the software package is related to gravity tides not 
to  strain  tides  or  displacement  tides  etc.    Table  3.5  shows  the  accuracy  of 
different catalogues used to compute gravity tides. The Hartmann and Wenzel 
catalogue is the most accurate catalogue and much better than the two previous 
Figure 3.6 Predicted tidal signal produced by program predict from 
ETERNA33 software package. Tarek Kansowa                  Chapter 3 
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catalogues by at least ten times. The wave groups  parameters of the Hartmann 
and  Wenzel  catalogue  also  includes  the  earth’s  flattening  effects  (Wenzel, 
1997b). 
Whilst there are a number of more recent software packages that have 
been written such as the VAV program (Venedikov et al., 2003), a comparison 
by  Dierks (Dierks and Neumeyer, 2002) between three software packages; 
ETERNA, BAYTAP G and VAV, has been done. The study shows that good 
results are produced by ETERNA package and in addition it can use the newest 
accurate tidal options. This is therefore the software package that has been used 
in this thesis. 
3.13 Ocean Load Tides Prediction 
Deformation of the Earth due to the effect of the ocean tides is called 
ocean load tides. The redistribution of the water mass related to water moving 
back and forth cause a periodic loading on the earth. This load deforms the 
Earth surface as it is not rigid. The ocean load tides can be seen in the vertical 
and horizontal displacement, in gravity, tilt and in strain. GOTIC2 is a software 
program  running  under  the  UNIX  environment  and  that  has  been  used  to 
calculate the solid Earth tides, ocean load tides, and Earth tides. The software is 
used to calculate the major ocean load tidal components using new models as 
NA0.99b,  NA0.99Jb  and  NA0.99L  for  a  certain  place  worldwide.    The 
software then is used to predict the vertical displacement ocean load tides for 
the same place using the calculated ocean load tidal components. 
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Catalogue 
time domain  frequency domain 
rms  min.  max  rms                  max 
[nm/s
2]            [nm/s
2]  [nm/s
2]  [nm/s
2]  [nm/s
2] 
Doodson 1921 (Doodson, 1921) 
Carwright  and  Edden  1973;  Carwright  and  Tayler  1971 
(Carwright and Tayler, 1971, Carwright and Edden, 1973) 
Büllesfeld 1985 (Büllesfeld, 1985) 
Tamura 1987 (Tamura, 1987) 
Xi 1989 (Xi, 1989) 
Tamura 1993 (Tamura, 1993) 
Roosbeek 1996 (Roosbeek, 1996) 
Hartmann  and  Wenzel    (Hartmann  and  Wenzel,  1995a, 
Hartmann and Wenzel, 1995b) 
1.0408 
0.3844 
0.2402 
0.0846 
0.0642 
0.0308 
0.0200 
0.0014 
 4.0068 
 2.1401 
 1.2234 
 0.4692 
 0.4294 
 0.2237 
 0.0935 
 0.0094 
4.4896 
2.4100 
1.3043 
0.5839 
0.4768 
0.2489 
0.0933 
0.0104 
0.01415 
0.00565 
0.00334 
0.00118 
0.00090 
0.00046 
0.00026 
0.0002 
1.01204 
0.13226 
0.06765 
0.03459 
0.03525 
0.01448 
0.01598 
0.00034 
Table 3.5 Errors of gravity tides computed from different tidal potential catalogues driven 
from comparison with benchmark series BFDE403A (Wenzel 1997b)  Tarek Kansowa                  Chapter4 
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Chapter 4 
InSAR Data Analysis and Acquisition 
4. 1  Introduction 
There  are  two  types  of  instrument  used  in  satellite  remote  sensing: 
passive and active sensors.  Passive sensors need an external source of energy 
like the Sun. The surface of Earth is illumination by the Sun and an instrument 
can record the reflected or emitted electromagnetic radiation. Passive systems 
use  wavelengths  ranging  from  0.3   m  to  several  meters  and  includes  ultra 
violet  (UV),  visible,  near  visible  and  infrared  and  microwave  wavelengths. 
Active  systems  have  their  own  source  of  energy;  the  system  transmits  the 
energy  to  the  Earth  surface  and  then  records  the  backscattered  signal.  This 
includes the very large category of instruments that use radar. Radar remote 
sensing  system  can  be  classified  into  three  general  categories  imaging, 
altimeters, and scatterometers (Elachi, 1988). By using the synthetic aperture 
imaging radar technique, high resolution imaging can be achieved. Altimeters 
are used in land topographic mapping, by measuring the height of the Earth’s 
surface.  Scatterometers  are  used  to  determine  the  objects  (Earth  surface) 
characteristics  by  finding  the  relation  between  surface  reflectivity  and 
frequency, polarization, and illumination direction. This enables a variety of 
parameters but particularly wind speed to be deduced (Massonnet and Feigl, 
1998). 
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4. 2  Radar Principles 
  As a satellite with a radar system onboard orbits the Earth its antenna 
sends pulses of electromagnetic energy to the earth. Maxwell’s equation can be 
used to describe the propagation of the pulse.  This pulse propagates through 
two mediums; the Earth’s atmosphere which is known as a low loss refractive 
medium,  and  the  Earth  itself  which  is  known  as  a  high  loss  medium.  The 
Earth’s surface is the interface between the two mediums.  
The  equations  given  in  this  chapter  are  in  their  simplest  form,  more 
detailed information about InSAR and image focusing can be found in (Bamler 
and Hartl, 1998, Massonnet and Feigl, 1998, Oliver and Quegan, 2004 , Ferretti 
et al., 2007, Ian and Wong, 2005). 
4.2.1  Signal Propagation 
  A satellite using active remote sensing transmits electromagnetic energy 
towards the Earth. The electromagnetic energy travels in the form of waves that 
hit the Earth surface and are scattered in many directions. The reflected energy 
towards the satellite are recorded and analysed.  In a lossless medium such as 
the earth’s atmosphere, Maxwell’s first two equations can be written as: 
Where 
−
E  and 
−
H  are the electric and magnetic field vectors respectively and   
and  ε  are the permeability and the permittivity of the medium respectively 
where the electrical field is orthogonal to the magnetic field. In a lossy medium 
the Maxwell equation can be written as: 
 
 
 
(4.1) 
dt
E d
H
dt
H d
E
−
−
−
−
= × ∇
− = × ∇
ε
 
(4.2) 
dt
E d
E H
dt
H d
E
−
− −
−
−
+ = × ∇
− = × ∇
ε σ
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where σ is the conductivity of the medium.  
4.2.2  Radar Equation 
There are a number of different radar systems e.g.  passive, monostatic, 
bistatic and multistatic systems. 
Figure  4.1  shows  the  basic  bistatic  radar  system  where  the  pulses 
transmitted  from  transmitter  T  are  received  by  receiver  R.  The  receiver  is 
located at RB distance from the transmitter. If RB is equal to 0, R1 = R2 and the 
system is a monostatic system. (Peyton, 1998).  
Prior to transmission, the antenna transforms the electrical signals into 
electromagnetic waves. The electromagnetic waves are scattered from the Earth 
and  some  are  scattered  towards  the  receiver.  After  reception,  the  antenna 
transforms  the  back scattered  electromagnetic  waves  into  an  electric  signal. 
The radar equation provides the relationship between the power transmitted by 
the transmitter, the power reflected by the target and the power received by the 
receiver. The transmitter system using an antenna with gain GT that transmits 
power PT towards the target at distance RT (Pillai et al., 2008). The power per 
unit area, P1, in the direction of the target can be calculated as: 
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i.e. the  transmitted power density on a sphere of radius R centred on the 
antenna. 
The reflected power from the target depends on the area of the target As 
and the reflectivity gain power η.  The equation describing the reflective power 
from the target towards the receiver can be written as: 
Where  η σ s A =  is the radar cross section. 
The power scattered from the target P2 spreads in all direction and the 
power per unit area P3 in the direction of the receiver at distance RR is given by: 
The power P3 is reduced to P4 due to propagation loss, FT , during the 
transmission from transmitter to target and propagation loss, FR , during the 
scattering from target to the receiver (Nathanson, 1999). The power P4 can be 
given as: 
The  power  detected  and  recorded  at  the  receiver  PR  depends  on  the 
receiver antenna area R A  which can be given in term of receiver gain GR as: 
where λ is the operating wavelength at receiver. 
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The power received at receiver PR in term of transmitted power PT is given 
by: 
4. 3  Synthetic Aperture Radar principle 
  There are several satellite instruments that use the principles of radar. In 
this research the main interest has been in the data from the synthetic aperture 
radar. 
Figure 4.2 shows the radar system parameters. The satellite moves in its 
circular orbit with uniform speed Vs, the antenna size is W in width and L in 
length  and  located  at  altitude  Hs.  The  antenna  is  pointing  to  Earth  at  an 
incidence angle θ and emits radio pulses of duration τp at a repetition frequency 
PRF (Pulse Repetition Frequency). 
The area illuminated on the Earth during transmitting is characterised by 
the antenna dimensions and the waves propagate from antenna of angle ψa for 
azimuth beam width and ψe for elevation beam width. The equations which 
describe ψa  and ψe  can be given as (Oliver and Quegan, 2004 ): 
where  
  And c is the speed of light. 
f
c
= λ (4.10) 
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The direction of the Line Of Sight (LOS) is called the ground direction 
or cross track direction, the direction of the satellite movement is called the 
azimuth direction or the along track direction. 
The resolution of the along track and the cross track is described first 
before describing the principle of the SAR system. 
4.3.1  Cross Track Resolution 
  The cross track resolution is described as the minimum distance between 
two objects in the range direction that can be resolved by the radar system. If 
there are two objects separated by a  distance less than the minimum distance 
the radar system will be unable to identify two objects. 
Figure 4.3 shows a radar system at latitude H,  the radar pulse duration 
is τp, Rf and Rn are the far range and near range respectively, W is the width 
illuminated by the radar beam on  the ground, c is the speed light and  Rg is the 
ψc 
Swath width 
Far range 
Near range 
Ground range (y) 
Foot print 
Hs 
θ 
Vs 
W 
L  Z 
X 
Y 
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cross  track  (ground  range)  resolution.  Two  objects  separated  by  a  distance 
equal to  Rg are located at the ground in the range direction. The minimum 
measurable distance between two objects  Rg can be calculated as: 
 
It can be seen that  Rg is proportional to the radar pulse duration τp and 
doesn’t dependent on the satellite height. Real aperture radar systems require 
the radar pulse duration to be as small as possible to get good resolution in the 
cross track direction. So a high power output radar system is therefore required 
to provide sufficient energy to achieve an acceptable resolution. 
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4.3.2 Along Track Resolution 
  The  along  track  resolution  is  described  as  the  minimum  distance 
between two objects in the azimuth direction that allows the radar system to 
resolve the two objects.  
Figure 4.4 shows a radar system where Vs is the spacecraft velocity, ψa 
in the along track beam width, L is the antenna width, R is the range distance in 
the azimuth direction between satellite and object and  Ra is the long track 
resolution.  The  minimum  distance  between  two  objects   Ra  in  the  azimuth 
direction is given by: 
 
Along track resolution is proportional to the range distance R. In a real 
radar aperture system, to get a good resolution in the azimuth direction the 
system not only needs a high power output but also a large antenna size. 
(4.12) 
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Figure 4.4 Along track resolution 
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SAR systems overcome these problems by using the coherency of the 
radar. The signal amplitude and the signal phase are recorded. An integration of 
the successful returns from the same target synthesizes an antenna length that is 
much longer than the real aperture radar antenna.   
4.3.3  SAR Complex image 
Each pixel of a SAR image represents a certain area of the Earth surface 
where  its  size  depends  on  the  SAR  system  characteristics.  Each  pixel  is 
represented  by  a  complex  number  consisting  of  amplitude  and  phase 
(Thompson and Pottier, 2009). As the satellite moves in its orbit, it illuminates 
the Earth’s surface with electromagnetic pulses in a perpendicular direction to 
the satellite orbit. The satellite antenna receives the back scattered pulses from 
each  target  on  Earth  and  registers  its  position  along  the  flight  path.  SAR 
processing creates a two dimensional image from the registered pulses. 
4. 4  Different modes of SAR operation 
A SAR system can be operated in different modes; these modes can 
involve one instrument or a number of satellites (Burgmann et al., 2000). The 
different modes of operation are: 
1   Stripmap SAR: In this mode, the antenna direction is fixed onboard the 
satellite.  As  the  satellite  moves,  the  antenna  scans  the  ground  at  an 
approximately  uniform  rate,  and  creates  a  contiguous  image.  The 
antenna size determines the azimuth resolution.   
2   Scan SAR: This mode is a modification of Stripmap mode, the antenna 
moves relative to the satellite during the scanning of the ground, and a 
larger area can be scanned. The azimuth resolution is less than in the 
Stripmap mode. 
3   Spotlight SAR: The resolution of the Stripmap mode can be increased 
by two ways; by using a wider antenna beam which is difficult and costs 
a  lot,  or  by  moving  the  beam  backwards  towards  the  scene  as  the Tarek Kansowa                  Chapter 4 
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satellite passes it. This mode of operation has the same effect as using a 
wider antenna beam. 
4   Inverse SAR: In the previous mode it is assumed that the SAR system is 
moving  while  the  target  (ground)  is  not  moving.  In  this  mode  it  is 
assumed that the target is moving and the SAR system is not moving, 
and so this mode is called Inverse SAR. An example of this mode is the 
tracking of a satellite from a stationary station on the ground. It can be 
also be used when  both the target and SAR system are moving at the 
same time, like SAR system on board at satellite and a ship on sea. 
5    Bistatic SAR: In SAR systems, usually the transmitter and the receiver 
are  in  the  same  location  (monostatic).  In  this  mode  of  operation  the 
transmitter and receiver are in different locations.   
6   Interferometric SAR (InSAR): Two SAR images are taken from the 
same  position  in  the  space  to  determine  Earth  displacement  or  from 
different positions to determine the height of the terrain over the same 
area at the ground. This mode of operation is now considered in some 
detail. 
4. 5  Interferometry Synthetic Aperture Radar 
  Interferometry Synthetic Aperture Radar (InSAR) measures the phase 
difference between two or more complex SAR images acquired from different 
place on the space or /and different times. The interferometric image can be 
used to measure deformation due to earthquake or volcanoes, ocean currents, 
glacier flows, and topography. The technique is used to detect Earth movement 
over large temporal area and space with precision of cm or mm range 
Table 4.1 shows the characteristics of civilian radar satellite which have 
been  used  in  interferometry  (Massonnet  and  Feigl,  1998).  The  letter 
designation is the operational frequency used and the repetition period is the 
time between repetitions of a particular ground track pattern. Tarek Kansowa                  Chapter 4 
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4.5.1  InSAR Principle 
  InSAR is a technique using at least 2 images covering the same area. For 
each image each pixel has two values; one for amplitude and the other for the 
phase. The second image must be to different  from the first one at least in one 
of the imaging parameters as satellite orbit, acquisition time, and wavelength 
(Bamler  and  Hartl,  1998).  If  the  two  images  are  taken  from  one  or  more 
satellites at the same time, the resulting interferogram enables terrain height to 
be derived.  If the 2 images are taken from the same area at different times, the 
resulting interferogram is used for Earth movement.  
Figure  4.5  shows  the  geometry  of  the  satellite  across  track 
interferometric SAR system (Bamler and Hartl, 1998). Two satellites sat1 and 
sat2 moving in their orbits (parallel orbits) acquire images for a target on Earth. 
The look angle is θ1 and θ2 and the range distance is R1 and R2 for sat1 and 
sat2  respectively.  The  separation  between  the  two  flight  paths  is  called  the 
baseline B// and the perpendicular separation is called B┴. 
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Abbreviation 
Agency  / 
Country 
 
Launch 
date 
Failed date 
Band / 
Wave 
length 
(mm) 
Swath 
width 
(km) 
Repetition 
period 
(days) 
Mean 
incident 
angle 
(degrees) 
Mean 
altitude 
(km) 
Remarks 
SEASAT  NASA / USA  26/06/1978  10/10/1978  L / 235  100  3  23  800  First Spaceborne SAR. 
ERS 1  ESA  17/071991  10/03/2000  C / 56.7  100  35  23  785 
DEOS provides highly precise 
orbits 
ERS2  ESA  21/04/1995      C / 56.7  100  35  23  795 
1 day revisit cycle during 
tandem missions. 
JERS 1  Japan  Feb. 1992  11/10/1998  L / 235  75  44  35  570   
RADARSAT1  Canada  Nov. 1995      C / 56.7  150  24  Variable  798   
SIR C 
NASA – 
DARA    ASI 
1994    X,C,L  Variable    Variable     
ENVISAT  ESA  1995      C / 56  100  35  Variable  799.8   
SRTM  NGA/NASA  2000    L / 56      Wide swath  240   
ALOS  Japan  2003      70    Variable  692   
TerraSAR X    15/6/2007    X 235,56.7    11  Variable  514.8 
First commercially 1 meter 
imagery resolution 
RADARSAT2  Canada  14/12/2007    31  500  24  Variable  798   
Table 4.1 Characteristics of civilian radar satellite Tarek Kansowa                  Chapter 4 
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As the position of each satellite is known, R1 and R2 can be used to 
determine point on the Earth. The displacement of each pixel can be calculated 
by using the phase information.  
Many satellite missions are single antenna system and image the same 
area twice from different orbits and at different times (repeated pass). The pulse 
compression technique and the SAR  concept enable reasonable  sized antennas 
to achieve a resolution of tens of metre at microwave frequencies (Bamler and 
Hartl, 1998).   
The interferogram produced by repeated pass interferometry is affected 
by a lot of factors (Zhou et al., 2009) and the SAR data processing software 
used in this research takes into account all these factors. The factors that affect 
the interferogram can be summarized as: 
1   Distance from antenna and ground pixel 
2   Surface topography 
3   Satellite tracking orbits 
4   Ground surface properties 
5   Atmosphere 
6   System noise 
The first image (reference image) acquired by the radar system is called 
the master and the second one is called the slave. The slave image is resembled 
and  registered  to  the  master  image.  The  phase  difference  between  the  two 
registered images is given by: 
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As seen from the above equation the phase difference  φ is affected by 
different parameters.  
The first term,  φLOS, is due to the range difference between the two 
acquired SAR images.  The two SAR images are acquired from repeated pass 
from  nearly  the  same  location  and  within  a  time  interval  so;  the  range 
difference may be due to Earth movements can be measured as: 
 Where 
λ = is the wave length of SAR system. 
 D0 = Surface displacement in the Line Of Sight (LOS) direction 
If the other terms are terminated, Earth displacement over the period 
between the acquired two images can be calculated and given by  φLOS. 
The second term,  φtopo, is due to the topographic effect. An accurate 
Digital elevation Model (DEM) is needed to calculate the topographic effect. A  
DEM can be created first by acquiring two images at the same time from two 
antennas on the same satellite e.g. STRM. In this situation Equation 4.13 is 
only  affected  by  topography  effect.  To  remove  the  topographic  effect  an 
accurate DEM is used to create a synthesized interferogram representing the 
topography which then be subtracted from the differential interferogram  φ. 
The phase difference due to the topographic effect can be given as: 
where 
H = is the pixel height above reference surface. 
B┴ = perpendicular separation base line between the two satellites. 
R = Distance (slant range) between the radar antenna and the ground pixel. 
(4.14) 
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θ  =  Incident  angle  (Angle  between  the  incidence  radar  beam  and  the 
perpendicular line at the pixel surface) 
  The third term,  φslave, is due to the phase shift between the slave image 
and the master (reference) image. This is produced due to the shift between the 
orbit  tracks  of  the  two  images  in  the  LOS.  This  effect  is  dependent  of  the 
baseline B// and is given by: 
Where 
B// = Parallel separation between the two satellites. 
The fourth term,  φatm, is due to the atmospheric effect. The atmospheric 
effect must be determined and corrected for otherwise the interferogram may 
be misinterpreted. Using more than 2 SAR images can reduce the atmospheric 
effect.  
  The term  φdielectric is due to the dielectric property change of the ground 
pixel.  Dielectric  change  is  mainly  due  to  soil  moisture  change.  Dielectric 
change can be calculated if the other terms are eliminated. 
  The term  φpn is due to the phase noise. Adaptive filter and multi look 
techniques can be used to reduce the phase noise. 
  The  last  term,   φ2π,  is  due  to  the  2π  ambiguity  produced  by  phase 
wrapping. Phase unwrapping technique is used to solve this problem. 
  The total  φ can be given as: 
  To calculate the ground displacement, the first term has to be calculated 
and the rest of terms have to be removed or at least reduced to minimum. In 
(4.17)  π ϕ ϕ ϕ
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reality  some  residuals  still  exist.  By  adjusting  the  orbital  parameters  and 
topographic  phase  parameters;  B┴,  B//  and  θ,  the  orbital  and  topographic 
residuals can be removed.  
Earth  displacement  using  the  InSAR  technique  requires  at  least  two 
images  of  the  same  location  and  therefore  it  is  limited  in  time  by  the 
availability of images. The previous technique called the two pass technique 
where two images used to detect the phase difference between two images. 
This phase difference represents the Earth displacement during the time period 
of two images. Sometimes the phase difference contains the contribution of the 
topographic area, so three pass technique is used. Two images a short time 
apart are used to create the interferogram of the area. As the time apart between 
the two images is small, the interferogram contains only the topographic signal 
and does not contain deformation signal. This interferogram is subtracted from 
the  third  image  which  has  a  long  time  apart  from  the  other  two  images  to 
calculate the deformation signal.  
An interferometry image can measure the change in distance between 
the  sensor  and  ground  scene.  If  a  displacement  D  has  occurred  in  a  scene 
covered by a SAR images then the displacement detected will be 2D for the 2 
way trip from the transmitter to the receiver. This will be registered as a phase 
shift for this part of the scene. Any displacement in the scene equal to half of 
the sensor signal wavelength will appear as one fringe. In case of ERS 1/2 SAR 
sensor  the  wave  length  is  equal  to  56  mm  so  28  mm  is  the  maximum 
displacement that can be detected. A given colour in each fringe gives a certain 
phase difference and accurate displacement can be calculated for each pixel.  
4. 6  Interferometry Synthetic Aperture Radar Applications 
  InSAR is used in many applications. It is used in the monitoring of 
seismic  disturbances  and  crustal  deformation  including  earthquakes  and 
tectonic faults (Takeuchi et al., 2000, Peltzer) and it is also used in studying 
volcanic activities and can gave accurate predictions of volcanic eruption, and Tarek Kansowa                  Chapter 4 
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eliminate  the  dangers    which  face  the  field  crews  if  they  use  traditional 
equipment  (Dixon,  1995).    Figure  4.6  shows  a  SAR  interferogram  of  the 
deformation inside the Okmok caldera from 1997 to 1998. Each fringe (full 
colour cycle) represents 28 mm (half of ERS wavelength) of distance change 
between the ground and satellite (Peltzer, Lu and Masterlark, 2005) 
In complex dune fields traditional methods cannot be used to show the 
changes of material per unit width per unit time. The InSAR technique has also 
been used to study the deformation in four desert areas caused by wind (Møller 
et al., 1999). The surface deformation by mining can also be detected by using 
the InSAR technique (Wegmuller et al., 2000, Crosetto et al., 2003, Jarosz and 
Wanke,  2004).  Results  show  that  the  InSAR  technique  can  detect  Earth 
displacement in urban areas but cannot work in forested areas and in many 
cases agricultural areas. The InSAR technique can also be used for oceanic 
current and wave measurements. It can also classify the scene to different areas 
Figure 4.6 The interferogram showing deformation inside Okmok caldera between 
1997 and 1998 (Peltzer, 2005). Tarek Kansowa                  Chapter 4 
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as  lake,  forest,  desert  and  urban  areas  (Abdelfattah  and  Nicolas,  2007,  Del 
Frate  et  al.,  2008).  The  InSAR  technique  is  used  in  detecting  the  ground 
settlement which can affect the buildings (Ding et al., 2004) 
The  SAR  interferometry  technique  has  been  used  in  Italy  for 
reconstructing the speed and the change in size of alpine glaciers (Sterzai et al., 
2003).  These  techniques  and  glaciological  traditional  field  methods  and 
geodesy  techniques  like  GPS  can  be  used  to  provide  the  basic  elements 
required to predict climate forcing and derive the future glacier trend. 
Figure  4.7  shows  about  22  cm  (eight  fringes)  displacement  of  the 
Siachen glacier in 24 hours (between 1
st and 2
nd of April, 1996) (Kumar et al., 
2008).  
 
     Figure 4.7 Movement of the Siachen glacier in 24 hours. Scene covers 
100 km × 100 km (Kumar 2008) Tarek Kansowa                  Chapter 4 
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Differential ERS SAR interferometry data have been used to show the 
surface  deformation  produced  by  mining  in  the  German  Ruhrgebiet 
(Wegmuller et al., 2000). Nine ERS 1/2 SAR acquisitions in descending mode 
and eight in ascending mode were selected for this investigation. The results 
show that the technique is good in urban areas but in forested and in many 
cases  agricultural  areas  a  limitation  has  been  found  due  to  temporal 
decorrelation  of  the  signal  and  this  does  not  allow  estimation  of  surface 
deformation velocity.  
4. 7  Data Acquisition 
  The SAR data collected from European Space Agency (ESA) has been 
processed  using  the  Delft  Object Oriented  Radar  Interferometric  Software 
(DORIS). The interferometry images are available from ESA as a result of a 
successful proposal to the European Space Research and Technology Centre 
(ESTEC). A user name and password has been given to enable log on to EOLI 
SA software. EOLI SA is an interactive tool that allows access to the ESA 
Earth  observation  catalogue  and  order  products.  The  products  are  collected 
from various satellites such as ENVISAT, ERS, LANDSAT and JERS. 
4. 8  Data Processing 
To  perform  The  InSAR  processing,  the  Doris  program  was  used  in 
conjunction with other packages GMT, getorbit, SNAPHU and gv. GMT is the 
abbreviation for Generic Mapping Tools. It is a data processing and display 
software  package  working  under  the  UNIX  environment.  It  allows  data 
processing for a two dimension data (x and y) or a three dimension data (x, y 
and z). Data processing such as filtering, trend fitting, gridding, etc. can be 
applied and the output file is created in a Post Script format. GMT is used to 
create a two dimensional full colour map for the displacement that has occurred 
due to an earthquake. The latitude, longitude and displacement is used as the 
input  file  to  GMT.  The  output  file  is  a  two  dimensional  map  (latitude  and 
longitude) and for each pixel there is a colour that represent the displacement Tarek Kansowa                  Chapter 4 
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magnitude. Highly precise orbits for ERS1 and ERS2 can be provided freely by 
Delft Institute for Earth oriented Space Research (DEOS).The software getorb 
is used to manipulate the ERS1 and ERS2 orbits provided by DEOS. SNAPHU 
is  the  abbreviation  for  Statistical Cost,  Network Flow  Algorithm  for  Phase 
Unwrapping. The interferogram (representing  the displacement map) produced 
by  applying  SAR  data  processing  (this  will  be  described  in  detail  later)  is 
represented as a cyclic function of phase which can be represented as a 2π 
modulo (Bone, 1991, Goldstein et al., 1988, Baldi, 2001). The phase is trapped 
between –π to +π and SNAPHU is used to solve this problem. Two dimension 
phase unwrapping is used to solve phase wrapping problem which is not trivial 
step in SAR processing (Pritt and Shipman, 1994, Prati et al., 1990, Lin et al., 
1992). The program gv is software to display data of the post script or PDF 
files formats. 
 
The Doris program was created by Delft University of Technology. It is 
written in C++ program and consists of modules and users can select the most 
appropriate modules to use for their SAR images. Each process consists of a 
small number of steps, each step is called a card and these cards have attached 
names. To run each process, a number of cards belonging to this process are 
called. Each card has one or two arguments which give the card the facility to 
run in different size or mode. The user can select the cards and the parameters 
of the cards that best suit his/her needs.  
Doris was originally designed to work under UNIX, so software called 
Cygwin which is a LINUX like environment under windows was installed to 
run  Doris  under  windows.  This  free  public domain  software  package  was 
chosen for this study, because of the following advantages: 
1   Freely available to use in research purpose  
2   Manual and other documentation is also free 
3   Contact between developer and users worldwide is achieved through 
email group Tarek Kansowa                  Chapter 4 
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4   All processes are done automatically 
5   Compatible  with  Envisat  ASAR  (Advanced  Synthetic  Aperture 
Radar) data as well as ERS1 2 SAR data even the format of heading 
files is different. 
6   Successful results have been produced and published  
Figure 4.8 shows the flow chart of InSAR processing (Kampes and Usai, 
1999 ); it includes all the processes used in InSAR processing in this chapter 
and the image acquisition and SAR focusing steps. 
There  are  two  pre processing  steps  required  before  Doris  runs.  Two 
SAR interferometry images are chosen to be the Master and Slave and then the 
format  of  the  SAR  images  are  focused  and  changed  to  SLC  (Single  Look 
Complex)  format.  The  SAR  images  are  provided  by  the  European  Space 
Research and Technology Centre on a CD ROM. 
The InSAR processing consists of the following processing steps: 
￿  Read Master / Slave: this step reads the master and slave image in 
SLC format. The SAR image may come in 3 files; header, volume, 
and data as in ERS SAR images or come in one file like ENVISAT 
SAR image. These files contain useful information about the SAR 
image. 
￿  Crop: this step is used after reading the SAR data to crop the SAR 
image  (Master  and  Slave).  The  SAR  image  with  SLC  format  is 
transformed to the hard disk in a raw (pixel interleaved, 2×2 byte 
signed  (short)  integer  complex)  format.  Some  checks  are  applied 
using the useful information from the first step (read data). The SAR 
data are then read from the CD_ROM and written to a hard disk line 
by line without any data conversion. 
￿  Precise Orbit: this step is used to retrieve the precise Delft orbital 
data records with the getorb package. The azimuth time is written to Tarek Kansowa                  Chapter 4 
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the master (slave) result file with a 4 column table format (secofday, 
x, y, z) getorb package need ODR files and arclist file to work, it use 
it as data archives. New ephemeredes replace the old ephemeredes 
data from the first step. 
￿  Coarse Orbit: this step is used to compute the coregistration between 
master and slave based on orbits to an accuracy of about 30 pixels. 
This step is fast to get coarse offset before fine coregistration. For 
any point P in the slave image with coordinate Ps(l,p), where l is the 
line number and p is pixel number, the same point in the master  with 
coordinate Pm(l,p), where l is line number and p is pixel number the 
offset can be calculated as: 
 
￿  Coarse Correlation: this step is used to compute the coregistration 
between  master and slave based on correlation, the offset in both 
direction  line  (azimuth)  and  pixel  (range)  are  computed  with 
accuracy of about 1 pixel. The offset is computed at a number of 
positions within the 2 images, theses positions can be read from an 
input  file  or  geometrically  distributed  on  SAR  images.  Different 
offsets are used to get the highest correlation between master and 
slave. 
￿  Fine Coregistration: this step is used to make a fine coregistration; a 
number  of  locations  at  master  image  is  taken  to  compute  offset 
vectors over the total image on range of sub pixel to align the slave 
image to the master image.  
￿  Estimate Coregistration Parameter: this step is used to compute the 
polynomial  that  models  the  alignment  of  the  slave  image  to  the 
master image. A 2d polynomial model is derived based on the offset 
computed in step fine coregistration. 
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￿  Interpolate  Slave  to  Master  Grid  (resample):  this  step  used  after 
computing the 2d polynomial. It resamples the slave image according 
to the transformation modelled in the previous step. 
￿  Interferogram (interfero): this step is used to produce the complex 
interferogram. 
￿  Estimate Flat Earth (comprefpha): this step can be used after precise 
orbit  step  but  it  is  recommended  to  use  it  after  computing  the 
interferogram (previous step). The flat Earth correction for each pixel 
P (Line, Pixel) and a reference phase is computed to be used in next 
step. 
￿  Subtract  Flat  Earth  (subtrrefpha):  this  step  can  be  used  after  the 
previous two steps. A reference phase is subtracted from the complex 
interferogram image. This is done by complex multiplications. 
￿  Coherence  (coh):  this  step  can  be  used  to  compute  the  complex 
coherence map. 
For any particular satellite with an onboard SAR the repeated pass can 
vary from 3 days to several years. At the time of this research the available data 
came from ERS 1, ERS 2 and Envisat.  Tarek Kansowa                         Chapter 4 
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Figure 4.8 Doris InSAR processing flowchart (Kampes and Usai 1999) 
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Chapter 5 
Results 
5.1  Introduction 
The areas of interest are the South of California and the Parkfield area. 
These  are  two  areas  that  are  defined  as  areas  of  high  earthquake  risk.  The 
Californian area is described as a large laboratory to study Earth displacements 
and  earthquakes  as  the  area  is  well  covered  by  GPS  stations  and  seismic 
instruments, and it is also well covered by satellites such as Envisat and ERS2 
(Donnellan et al., 2002).  
A number of studies have been done in this area. Some results derived 
from the southern California network earthquake catalogue and the worldwide 
earthquake  catalogue  show  no  significant  periodicity  (Hartzell  and  Heaton, 
1989). Others, more recent studies, show more positive results. In a detailed 
study,  Cochran  investigated  a  total  of  27464  strike  slip  earthquakes  in  the 
California area and studied the correlation between Earth tides and earthquake 
occurrence  (Cochran  et  al.,  2004).  The  results  showed  that  the  number  of 
earthquakes  that  occurred  when  the  phase  tidal  stress  was  encouraging  or 
positive  was  larger  than  the  number  of  earthquakes  that  occurred  during 
discouraging phase tidal stress by about 1% to 2%. 
Results from two types of data are described in this chapter; Earth tide 
data and SAR data. Whilst the Earth tides data are predicted using software 
packages  ETERNA33  and  GOTIC2,  the  SAR  data  are  provided  by  the Tarek Kansowa                  Chapter 5 
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European  Space  Agency  (ESA).  Information  about  the  earthquakes  used  to 
obtain the correlation between Earth tides and earthquake occurrence are from 
the U.S. Geological Survey Earthquake Hazards Program (USGS). 
Earthquakes in the Californian area are common as the San Andreas Fault 
that runs through this area forms the tectonic boundary between the Pacific 
Plate and North American Plate. The San Andreas Fault is a right lateral strike 
slip fault of 1200 km length with a slip rate between 20mm to 35mm per year. 
In addition to the San Andreas Fault, there are many other faults that can be 
considered to belong to the San Andreas fault system e.g. the San Jacinto fault 
which is a right lateral strike slip fault with slip rate between 7mm to 17mm per 
year and the Pinto Mountain fault which is known as a left lateral strike slip 
fault with slip rate of 1mm per year. Both these faults are complex and are 
normally thought of as fault zones. 
5.2  Earth Tides and Earthquake Occurrence 
The identification of Earth tides during the time of the occurrence of 
earthquakes  is  needed.  The  data  has  been  produced  using  ETERNA33;    a 
software package that contains a module called Predict which can be used to 
calculate the Earth tides signal with constant time interval for a single place 
(station) represented by latitude, longitude, and/or height. The software creates 
a  table  of  synthetic  model  tides  as  tidal  potential,  gravity  tides,  tilt  tides, 
vertical or horizontal displacement, vertical, horizontal, areal, shear, or volume 
strain, and oceanic tides. Earth tides signal have amplitude and phase, and this 
investigation of Earth tides and earthquakes occurrence is more related to the 
signal phase than the signal amplitude. The phase of the model tides are related 
to each others, so the synthetic Earth tides vertical displacement will be used to 
investigate  the  relation  between  Earth  tides  and  earthquakes  occurrence. 
Synthetic Earth tides vertical strain has also been used to investigate the same 
phenomena. Very similar results are obtained as shown in Appendix C. 
To investigate the relation between the vertical displacement of Earth tide Tarek Kansowa                  Chapter 5 
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and earthquake occurrence, the p value has been calculated. A Matlab program 
was created to do the following for each earthquake: 
1    Read the latitude, longitude, date, time, depth, and magnitude. 
2  Read the tidal parameters from the tidal parameters catalogue, and then 
create an INI file which is used as input to the ETERNA software used 
to predict Earth tides. 
3  Run the program ETERNA33 to predict the vertical displacement (under 
DOS environment) for 3 days (72 hours) starting from the previous day 
of  the  earthquake  time  occurred  to  avoid  that  earthquake  may  be 
occurred before the first peak or after the last peak of Earth tides in the 
same day of earthquake. 
4  Find  the  earthquake  phase  shift  corresponding  to  its  vertical 
displacement. 
5  Calculate the high tides and low tides before and after Earthquake time.   
6  Calculate the phase angle for each earthquake. 
7  Repeat steps 1 to 6 for all earthquakes. 
8  Calculate p value for the whole set. 
9  Calculate p value for different depths as 12 km and less, 10 km and less, 
8 km and less, 6 km and less and 5 km and less. 
To use an automated program to calculate p value, preprocessing steps 
have to be done first. The preprocessing steps can be summarized as: 
1   Input  data  must  be  structured.  The  easiest  way  to  use  the  Matlab 
automated program is to use excel file as input. The excel file contains 
two work sheets; the first one contains the whole information about the 
earthquakes,  and  the  second  worksheet  contains  certain  information Tarek Kansowa                  Chapter 5 
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about earthquakes with special structure. The second work sheet will be 
used  by  the  automated  Matlab  program  to  calculate  p  value.  To 
differentiate between the two worksheets, the second one was give a 
name filtered and its columns from 1 to 11 refer to year, month day, 
hour,  minute,  second,  latitude,  longitude,  decimal  time,  depth,  and 
magnitude for each earthquake respectively. 
2   The tidal parameters for about 977 Earth tides stations worldwide can be 
found on web address : 
      http://www.astro.oma.be/ICET/reg/Tidal_gravity_modeling.htm. 
The stations are grouped into 21 groups according to their geographical 
positions.  The  tidal  parameters  of  the  study  area  can  be  found  in 
NORTH AMERICA group which contains about 93 stations. To make 
the Matlab program as general as possible and to use globally, all the 
stations  available  worldwide  have  been  used.  Figure  5.1a  shows  the 
positions of the global stations and Figure 5.1b shows the positions of 
the North America stations. The web site provides fifteen tidal wave 
parameters (M0S0, SSA, MF, Q1, O1, P1, K1, J1, OO1, N2, M2, S2, 
K2, M3, and M4) for different types of Earth tides prediction programs 
as  Predict,  MT80w  and  T soft.  A  tidal  parameters  catalogue  file  has 
been created for the worldwide stations; each station recorded in 3 rows. 
The  first  row  contains  the  longitude,  latitude,  depth  and  gravity,  the 
second  and  third  row  contain  amplitude  and  phase  shift  for  the tidal 
wave parameters M0S0, SSA, MF, Q1, O1, P1, K1, J1, OO1, N2, M2, 
S2, K2, M3 and M4 respectively. 
The  effect  of  the  ocean  load  tide  has  been  investigated  by  using  a 
software  package  called  GOTIC2  (Matsumoto  et  al.,  2001).    The  program 
calculates  the  solid  Earth  tides,  ocean  load  tides  and  Earth  tides  based  on 
Farrell’s convolution method (Farrell, 1972, Matsumoto, 2004). It uses new 
ocean  tides  models;  NA0.99b  and  NAO.99Jb  which  is  driven  from 
TOPEX/Poseidon altimeter data. The program runs twice; Tarek Kansowa                  Chapter 5 
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a)  Worldwide Earth tides stations locations 
Figure 5.1 Earth Tides Stations locations 
b)  North America Earth tides stations locations Tarek Kansowa                  Chapter 5 
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the  first  time  to  calculate  the  short  period  and  long  period  for  the  major 
constituents ocean tide and the second time to predict  ocean tide model. Short 
period ocean tide model; NAO.99b and NAO.99Jb, are used to calculate the 16 
major constituents; M2, S2, K1, O1, N2, P1, K2, Q1, M1, J1, OO1, 2N2, Mu2, 
Nu2, L2 and T2. NAO.99Jb is a regional model used around Japan. The long 
period  ocean  load  tide  model  NAO.99l  is  used  to  calculate  the  major  long 
period ocean load tide constituents; Mtm, Mf, Mm, Ssa and Sa. GOTIC2 can be 
used  to  calculate  the  amplitude  and  phase  of  the  vertical  displacement, 
horizontal  displacement,  gravity,  tilt,  strain,  and  deflection  of  the  vertical. 
GOTIC2 software package has been used for the ocean load tides processing in 
this thesis to predict the solid Earth tides, ocean load tides and Earth tides. 
5.3  Earth Tides Result 
On 22
nd December 2003, an earthquake with magnitude Mw 6.5 occurred 
in the central coast of the Californian area, 7 miles northeast from San Simeon, 
at latitude 35.706º N  and longitude 121.106º W. This is known as the San 
Simeon earthquake. The earthquake occurred at the oceanic fault zone in a 
mountainous area (Santa Lucia Mountains) (Solutions, 2003). The earthquake 
occurred  by  a  reverse  fault  and  propagated  southeast  for  19  km  from  the 
epicentre. Two people were killed and forty people were injured. Nine months 
later another earthquake with magnitude Mw 6 struck the area again at latitude 
35.815º N and longitude 120.374º W. This was based in the region around 
Parkfield, a region that lies on the San Andreas Fault and is characterized by 
regular earthquakes. Research to measure the Earth tidal vertical displacement 
during  the  occurrence  of  other  earthquakes  near  the  epicentre  of  both 
earthquakes during the period 1973 to 2009 has been done. Earthquakes with 
magnitude Mw 4.5 and above have been chosen for this research in order to 
ensure that events larger than the background seismicity were selected.  
Additional research has been done for earthquakes with magnitude Mw 
equal to 3 or above. To statistically measure the correlation between Earth tides 
displacement and earthquakes occurrence, Schuster’s test has been used. The Tarek Kansowa                  Chapter 5 
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vertical displacement time series that includes the solid Earth tides and ocean 
load tides has been used. 
5.3.1  Earth Tides Result for earthquakes with magnitude Mw ≥ 4.5  
Research to investigate the correlation between Earth tides displacement 
and earthquakes with magnitude Mw = 4.5 or above has been done. Earthquakes 
with magnitude Mw ≥ 4.5 have been analysed twice; the first time to investigate 
the correlation between Earth tides and earthquake occur, and the second time 
to investigate the correlation between the Moon phase and the occurrence of 
earthquakes.   
5.3.1.1   Earth Tides Displacement Results 
The research initially investigated an area of about 100 km × 100 km 
centred  near  the  epicentre  of  both  earthquakes  in  the  Californian  area.  The 
number of earthquakes was too small to provide accurate results, so the area 
was increased until there were about 242 earthquakes equal or greater than the 
required magnitude. The area identified was from latitude 33.81º N to Latitude 
37.81º  N  and  from  longitude  122.37º  W  to  longitude  118.37º  W.  The  242 
earthquakes identified were used to investigate the relation between Earth tides 
vertical displacement and earthquakes occurrence in this area. The locations of 
all  242  earthquakes  are  shown  in  Figure  5.2.  The  area  chosen  is  450km  × 
350km and the earthquakes are grouped in  two regions;  one along the  San 
Andreas Fault and one near Mammoth Lakes associated with the Long Valley 
Caldera. 
The  earthquakes  in  the  line  running  SE/NW  all  occur  along  the  San 
Andreas Fault; a continental transform fault that runs a length of roughly 800 
miles (1,300 km) through California in the United States. Earthquakes to the 
NE  are  associated  with  the  Long  Valley  Caldera;  a  depression  in  eastern 
California that is adjacent to Mammoth Mountain and formed 760,000 years 
ago  when  a  huge  eruption  destroyed  a  volcano  and  blanketed  most  of  the Tarek Kansowa                  Chapter 5 
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western USA in ash. The area is characterized by recurring earthquake swarms 
and uplift of the central section of the caldera. 
The calculated p values and the phase angles for significant p values i.e. 
p values < 5% can be seen in Table 5.1 where the p value has been calculated 
for  different  earthquake  depths.  It  can  be  seen  that  there  is  no  correlation 
between  the  Earth  tide  vertical  displacement  variation  and  earthquake 
occurrence when all the earthquakes are included. The p value reduces as the 
depths  of  the  earthquakes  included  become  shallower.  For  earthquakes 
occurring at depth 6 km and less, a significant correlation can be seen. The 
position of the earthquakes occurring at depths of 6 km or less between latitude 
33.81º N to 37.81º N and longitude 122.37º W to 118.37º
 W can be seen in 
Figure 5.2 Earthquakes location with magnitude > Mw4.5 between 
latitude 33.81º N to 37.81º N and longitude 122.37º W to 118.37º W Tarek Kansowa                  Chapter 5 
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Table 5.1 p values for different earthquake depths 
Figure  5.3.  There  is  no  particular  positional  preference  for  these  shallow 
earthquakes.  
 
Depth  Number of earthquakes  p value  Phase angle 
All earthquakes 
 
Less than or equal 12 km 
Less than or equal 10 km 
Less than or equal 8 km 
Less than or equal 6 km 
Less than or equal 5 km 
 
Larger than 12 km 
Larger than 10 km 
Larger than 8 km 
Larger than 6 km 
Larger than 5 km 
242 
 
199 
172 
117 
80 
50 
 
43 
70 
125 
162 
192 
47.81 % 
 
32.59 % 
10.79% 
6.46 % 
4.73% 
0.03% 
 
94.18% 
48% 
79.72% 
90% 
63.1% 
 
 
 
 
 
117º 
113º 
 
Figure 5.3 Earthquakes positions with depth less than or equal 6 Km between 
latitude 33.81º N to 37.81º N and longitude 122.37º W to 118.37º W Tarek Kansowa                  Chapter 5 
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 Figure 5.4 shows the phase shift distribution and frequency distribution 
for different earthquakes depths. 
Following  the  approach  taken  by  Tanaka  (2002)  the  earthquakes  are 
shown according to phase angle in bins and a least square sinusoidal curve 
fitting has been applied to the frequency distributions. A least square sinusoidal 
curve  fitting  has  been  used  to  make  comparisons  with  other  research  more 
easily. Tanaka used a bin width of 30º which means there are 12 bins. As the 
number of earthquakes is relatively small in this case a bin width of 45º is 
chosen. This ensures that they are reasonable of earthquakes in each bin.  The 
equation of the least square sinusoidal curve fitting is: 
 
Where  
θ  = Phase angle. 
P0 = Mean frequency of data. 
P1 = Amplitude of the fitted curve. 
φ = Phase of the fitted curve. 
Alternative distributions could be used but for comparison purposes we 
have  used  the  sinusoidal  curve  used  by  Tanaka  (2002).  If  the  earthquakes 
occurred randomly, the frequency distribution would be flat. If the histogram is 
flat,  the  correlation  between  Earth  tides  and  earthquake  occurrence  is  not 
significant  and  earthquakes  occurred  randomly.  On  the  other  hand,  if  the 
histogram  is  not  flat,  there  may  be  a  correlation  between  Earth  tides  and 
earthquake  occurrence.  Although  the  frequency  distribution  may  show 
earthquakes  concentrated  near  some  phase  angle,  when  there  are  a  large 
number  of  events  it  is  difficult  to  see  from  a  relatively  flat  frequency 
distribution  whether  any  grouping  is  significant.  Even  a  small  percentage 
asymmetry in the frequency distribution of a large number of events can be 
significant. A mathematical test has to be used to show if there is a correlation 
or  not.  Schuster’s  test  can  be  used  to  determine  if  there  is  a  significant 
correlation. One of the disadvantages of Schuster’s test is that if there is more 
(6.3)  ) cos( ) ( 1 0 φ θ θ − + = P P PTarek Kansowa                  Chapter 5 
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than one significant peak in the distribution the Schuster test will not identify 
the significance of these peaks.  This is further illustrated in section 5.4  
 
a) All Data 
b) Depth ≤ 12 km 
 
c) Depth ≤ 10 km 
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d) Depth ≤ 8 km 
 
e) Depth ≤ 6 km 
 
f) Depth ≤ 5 km 
 
Figure 5.4 Frequency and phase distribution for different earthquake depths Tarek Kansowa                  Chapter 5 
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The range of the earthquakes depths, the p value obtained by the Schuster’s 
test,  and  the  total  number  of  earthquakes  (N)  included  in  each  data  set  is 
shown in the top left of each histogram of earthquake occurrence as a function 
of phase angle   
In  Figure  5.4a,  the  data  includes  all  the  earthquakes.  The  frequency 
distribution is nearly homogenous and the large p value of 47.81 % for the 242 
earthquakes indicates that there is no correlation between Earth tides and the 
earthquakes occurrence for the data set including all the earthquakes.  
The data has also been classified according to earthquake depth. The 
maximum depth is 24 km and the minimum depth is near the Earth surface. 
Figure 5.4b shows the results of analyzing data using earthquakes occurring at 
depths of 12 km or less. The new data set includes 199 earthquakes and the 
calculated p value is 32.59 %. The p value is still insignificant. Figure 5.4c 
shows the results for data analysis using earthquakes that occurred at depths of 
10 km or less and a data set of 172 earthquakes has been created. Whilst a 
significant  reduction  in  p  value  is  achieved  (p  =10.79  %),  its  value  is  still 
sufficiently high that the distribution could have occurred by chance. As the 
earthquakes depths reduced from 12 km to 10 km then to 8 km, the p value 
improved from 32.59% to 10.79% then to  6.47% respectively  and the total 
number of earthquakes reduced from 199 to 172 then to 117 respectively. It 
appears that as the earthquakes depths decrease there is a greater probability 
that the earthquakes and Earth tides are correlated. Figure 5.4e shows the result 
of the analysis using the 80 earthquakes that occurred at depths of 6 km or less. 
A clear clustering of earthquakes in the phase window between 90º to 135º can 
be seen from the histogram and the p value is significant (p= 4.73%). The 
results indicate that there is a correlation between Earth tides and earthquakes 
occurring  at  depth  6  km  or  less.  Most  of  the  earthquakes  (91.25%)  that 
occurred  at  these  depths  are  low  magnitude  earthquakes  i.e.  less  than 
magnitude Mw 5.5. The statistical results for earthquakes that occurred at depths 
of 5 km and less can be seen in Figure 5.4f. A total number of 50 earthquakes Tarek Kansowa                  Chapter 5 
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have been used to calculate the p value. A significant correlation can be seen 
for  this  set  (p=  0.03%)  which  means  that  for  this  data  set  there  is  a  high 
correlation between earthquakes occurring at depth 5 km or less with Earth 
tides. The phase angle φ at the peak of the occurrence frequency distribution is 
about 113º. This is close to the greatest change of the vertical displacement at a 
phase angle of 90º but the reason for this correlation is not clear. There is also 
some doubt about the significance of the results because of the limited number 
of  earthquakes  that  have  been  used.  This  concern  is  addressed  in  the  later 
analysis with a much larger number of earthquakes.  
5.3.1.2   Earth Tides and the Moon Phase 
  The amplitude of the attraction force of the Moon – Earth – Sun system 
various through the lunar month as the relative position of the Sun and the 
Moon change. Figure 5.5 shows the Moon phase during the lunar month. As 
the Earth tide is a maximum during the new and full Moon and a minimum 
during the first and the third quarter research has been done to investigate the 
relation between earthquakes occurrence and the Moon phase. Using the same 
data  set  as  previously  used  the  lunar  date  of  each  earthquake  has  been 
calculated  by  using  a  calendar  converter  program  online  at  web  site 
http://www.fourmilab.ch/documents/calendar/. The Shuster’s test has then been 
applied  to  the  data  to  find  out  if  there  is  a  correlation  between  earthquake 
occurrence and the Moon phase. The semidiurnal tidal range varies in a two 
week cycle and so the time of the earthquake has been identified with respect to 
this cycle.   
Before applying the Schuster’s test, some modifications have to be done 
before  it  can  be  applied  correctly.  The  steps  can  be  summarized  in  the 
following steps: Tarek Kansowa                  Chapter 5 
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1.  The  maximum  difference  between  the  high  tide  and  low  tide  occurs 
during the new Moon and the full Moon and the minimum difference 
between the high tide and low tide occurs during the first quarter and 
third quarter. 
2.  The  Moon  phase  angle  is  assigned  at  the  occurrence  time  of  each 
earthquake. It is measured from the maximum of the Earth tides that 
occurs closest to the time of the earthquake. The Moon phase angle can 
take a value between  180º to +180º where ±180º corresponds to the 
Earth tide minimum and 0º correspond to Earth tides maximum.  
3.  The tidal phase angle for each earthquake (see Tanaka, 2002) can be 
calculated by a linearly dividing the time interval between the maximum 
and minimum of the tidal stress. 
4.  Apply the Schuster test to calculate the p value 
New Moon 
Full Moon 
First quarter  Third quarter 
Figure 5.5 Moon Phase during Lunar Month Tarek Kansowa                  Chapter 5 
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Table 5.2 p values for the Moon phase of different earthquake depths 
The p values have been calculated for different earthquake depths. It can 
be seen from Table 5.2 that there is no correlation between the Moon phase and 
earthquakes  occurrence  when  all  the  earthquakes  are  included.  Figure  5.6 
shows the phase shift distribution and frequency distribution for the different 
earthquakes depths as shown in Table 5.2. 
 
Table 5.2 and Figure 5.6 show that when all earthquakes are included 
the p value is 29.03 %. The p value reduces significantly when the earthquakes 
are classified into two sets; the first one for earthquakes at depths of 12 km and 
less and the second set for earthquakes at depths greater than 12 km. There are 
199 earthquakes occurring at depths of 12 km and less. The p value is equal to 
4.35% and there is a trend for earthquakes to occur near day number 13 i.e. 
near the full Moon. The result implies that there is a high correlation between 
earthquakes occurring at depths of 12 km and less and the occurrence of the 
full Moon. The analysis for earthquakes occurring at depth 10 km or less shows 
that there is a significant  value of p (3.34%) and the earthquakes tend to occur 
at day number 12 while the p value for earthquakes occurs at depth 8 km or less 
and 5 km or less are high. The p value is significantly small for earthquakes 
occurring at depth 6 km or less.  
Depth  Number of earthquakes  P value 
All earthquakes 
 
Less than or equal 12 km 
Less than or equal 10 km 
Less than or equal 8 km 
Less than or equal 6 km 
Less than or equal 5 km 
 
Larger than 12 km 
Larger than 10 km 
Larger than 8 km 
Larger than 6 km 
Larger than 5 km 
242 
 
199 
172 
117 
80 
50 
 
43 
70 
125 
162 
192 
29.03 % 
 
4.45 % 
3.34 % 
15.58 % 
1.02 % 
43.73 % 
 
2.71 % 
5.20 % 
64.19 % 
21.08 % 
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a) All data  b) Depth ≤ 12 km 
Figure 5.6 Frequency distributions 
e) Depth ≤ 6 km  f) Depth ≤ 5 km 
c) Depth ≤ 10 km  d) Depth ≤ 8 km Tarek Kansowa                  Chapter 5 
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e) Depth > 5 km 
Figure 5.7 Frequency distributions 
a) Depth > 12 km  b) Depth > 10 km 
d) Depth > 8 km  c) Depth > 6 km Tarek Kansowa                  Chapter 5 
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Figure 5.6 and Figure 5.7 shows that there is a tendency for significant 
correlations  to  occur  between  the  Moon  phase  and  earthquakes.  This  is 
particularly marked for earthquakes that occur at shallow depths. The results 
are not entirely consistent however in that the correlation is lost when only 
earthquakes  occurring  at  <  5  km  are  included.  The  possibility  is  that  the 
presence of aftershocks is leading to a misleading conclusion. Aftershocks of 
an earthquake will occur in the same part of the lunar cycle as the original 
earthquake and with limited data will tend to bias the results. The presence of a 
large number of aftershocks of earthquakes that occur at depths between 5 and 
6 km could be biasing the results shown in Table 5.2, Figure 5.6 and Figure 
5.7.  This  effect  will  become  more  important  as  the  number  of  earthquakes 
included is reduced and this could be leading to the large change in correlation 
that occurs for earthquakes at depth ≤ 6 km. For this reason this research has 
not pursued. 
5.3.2  Earth Tides Result for earthquakes with magnitude Mw ≥ 3   
The  previous  results  were  calculated  for  earthquakes  with  high 
magnitude and so the number of earthquakes was relatively small. To increase 
the number of earthquakes all earthquakes with magnitude Mw equal to 3 or 
above for the same area and same period have been investigated. This data set 
includes  all  earthquakes  above  the  threshold  including  aftershocks.  This 
approach was first advocated by Jeffries (Jeffreys, 1938) and has been used 
recently by Metivier (Metivier et al., 2009). 
The number of earthquakes is 6215 and the same statistical analysis as 
used  previously  has  been  applied  to  calculate  the  p  value.  The  maximum 
earthquake depth is 44 km and the minimum depth is near the Earth surface. 
Figure 5.8a shows the topographic information of the study area and Figure 
5.8b shows the positions of earthquakes with magnitude Mw equal to 3 or above 
and the p value results can be seen in Table 5.3 for different earthquake depths. Tarek Kansowa                  Chapter 5 
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a) Satellite map showing the topography of the study area 
b) Earthquakes positions with Mw ≥ 3 between latitude 33.81º N to 37.81º N 
and longitude 122.37º W to 118.37º W 
 
Figure 5.8 Topography and earthquakes positions with Mw ≥ 3 between 
latitude 33.81º N to 37.81º N and longitude 122.37º W to 118.37º W 
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Table 5.3 p values for earthquakes with Mw ≥ 3 
The results show that there is no correlation when all earthquakes are 
included or when earthquakes are classified according to their depths. Figure 
5.8b  shows  that  there  are  two  clustering  of  earthquakes;  one  near  the  San 
Andreas Fault and the other near the top right of the scene that are associated 
with the Long Valley Caldera. Due to the different underlying geology the data 
has been classified into two groups; the first for earthquakes nears the San 
Andreas Fault and the second for the Long Valley Caldera earthquakes. 
Depth  Number of earthquakes  p value 
All earthquakes 
 
Less than or equal 12 km 
Less than or equal 10 km 
Less than or equal 8 km 
Less than or equal 6 km 
Less than or equal 5 km 
 
Larger than 12 km 
Larger than 10 km 
Larger than 8 km 
Larger than 6 km 
Larger than 5 km 
6215 
 
5707 
4503 
4524 
3479 
2590 
 
508 
912 
1691 
2736 
3625 
93.96 % 
 
87.70 % 
88.14 % 
76.14 % 
92.90% 
91.79 % 
 
98.92 % 
76.00 % 
64.19 % 
95.79 % 
35.78 % 
Figure  5.9  shows  the  frequency  distribution  for  all  earthquakes.  The 
almost flat frequency distribution and the large p value indicate there is no 
correlation  between  Earth  tides  vertical  displacement  and  earthquake 
occurrence when all earthquakes included. 
 
Figure 5.9 Frequency distributions for Earthquakes with magnitude Mw 
between latitude 33.81º N to 37.81º N and longitude 122.37º W to 118.37º W 
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5.3.2.1   Earth Tides Result for Earthquakes with Magnitude Mw ≥ 3 near 
the San Andreas Fault (SAF) 
The number of earthquakes is 3607 and the maximum and minimum 
depths  are  33  km  and  near  the  Earth  surface  respectively.  The  location  of 
earthquakes in this group is shown in Figure 5.10 and the results of the p value 
analysis can be seen in Table 5.4. The phase angle corresponding to significant 
p vales are also shown. 
Figure  5.11  shows  the  frequency  distribution  when  all  earthquakes 
included with different bin widths; 15º, 30º, and 45º. The bin width selected is a 
compromise between increasing the resolution by decreasing the bin size and 
increasing the number of earthquakes in each bin so that the bin average is 
Figure 5.10 Earthquake locations with Mw ≥ 3 near San Andreas Fault 
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significant. As the bin width becomes smaller, the number of bins increases and 
the number of earthquakes in each bin becomes smaller. The results show that 
the result for bin widths of 15º is nearly the same when bin widths equal to 30º 
are used. A bin width of 30º is therefore used in the following results.   
Figure 5.12a shows the result of p value when all earthquakes included. 
The  p  value  is  very  significant  (2.54%)  and  the  peak  of  the  smoothed 
distribution occurs at a phase angle of 128º. Figure 5.12b shows the result for 
earthquakes that occurred at depths of 12 km or less, the number of earthquakes 
is 3189, the p value is equal to 0.44% and the peak of the smoothed distribution 
occurs at phase angle 119º of the vertical displacement. The value indicates that 
there  is  a  high  correlation  between  earthquake  occurrence  and  Earth  tide 
vertical  displacement.  Figure  5.12c  shows  the  earthquakes  that  occurred  at 
depth  10  km  or  less.  As  the  earthquakes  depths  decreased  the  value  of  p 
increased slightly. The number of earthquakes is 2873, the p value is equal to 
1.32% and the peak of the smoothed distribution occurs at a phase angle 118º 
of the vertical displacement. The results for earthquakes that occurred at depths 
of 8 km or less can be seen in Figure 5.12d. The number of earthquakes is 
equal to 2360, the p value is 1.44% and the peak of the smoothed distribution 
occurs at a phase angle 115º of the vertical displacement. Figure 5.12e shows 
the  result  of    earthquakes  occurred  at  depth  6  km  or  less,  the  number  of 
earthquakes is equal 1681 and the p value is still low (3.1%). The peak of the 
smoothed distribution occurs at phase angle 113º of the vertical displacement. 
Figure 5.12f show that the p value is relatively high (22.1%) and the number of 
earthquakes is 1212 for earthquakes that occurred at depths of 5 km or less.  
There  is  no  correlation  between  earthquake  occurrence  and  shallower 
earthquakes.  Tarek Kansowa                  Chapter 5 
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a) p results at SAF with bin width equal to 15 degrees 
b) p results at SAF with bin width equal to 30 degrees 
c) p results at SAF with bin width equal to 45 degrees 
Figure 5.11 frequency distributions with different bin width Tarek Kansowa                  Chapter 5 
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Table 5.4 P values for earthquakes with Mw ≥ 3 near San Andreas Fault   
 
Depth  Number of earthquakes  p value  Phase angle 
All earthquakes 
 
Less than or equal 12 km 
Less than or equal 10 km 
Less than or equal 8 km 
Less than or equal 6 km 
Less than or equal 5 km 
 
Larger than 12 km 
Larger than 10 km 
Larger than 8 km 
Larger than 6 km 
Larger than 5 km 
3607 
 
3189 
2873 
2360 
1681 
1212 
 
418 
734 
1247 
1926 
2395 
2.54 % 
 
0.44 % 
1.32 % 
1.44 % 
3.10% 
22.10 % 
 
27.10 % 
70.38 % 
52.77 % 
30.60 % 
6.65 % 
128º 
 
119º 
118º 
115º 
113º 
 
 
 
 
 
 
 
 
  Further research has been done to investigate the correlation between 
earthquakes and Earth tides for different earthquakes magnitude. The same data 
set for earthquakes occurring near the SAF has been taken and the p value has 
been calculated. Table 5.5  shows the results of Schuster’s test for different 
ranges of earthquake magnitude and the phase angle for significant p values. 
The results in Table 5.5 show that, a significant correlation has been 
found  (p  =  3.79%)  between  Earth  tides  vertical  displacement  and  low 
magnitude earthquakes (≤ 3.9). It should be noted, however, that the number of 
high magnitude earthquakes is relatively small and so much less credence can 
be attached to the p values for these magnitudes.  
 Figure  5.13  shows  the  frequency  distribution  for  earthquakes  with 
magnitudes range from Mw = 3 to Mw = 3.9. The phase angle of 138º is the peak 
of the distribution. 
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a) All Data  b) Depth ≤ 12 km 
 
c) Depth ≤ 10 km  d) Depth ≤ 8 km 
 
Figure 5.12 Frequency distributions for different depths near the SAF 
e) Depth ≤ 6 km  f) Depth ≤ 5 km 
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Table 5.5 p values for different earthquakes magnitudes near San Andreas Fault   
 
 
 
 
 
 
 
 
 
These results are similar to those of Tanaka (Tanaka et al., 2002a). A 
study  using  earthquakes  that  occurred  worldwide  with  magnitude  Mw  ≥  5.5 
during the period 1977 to 2000  was   carried out  to investigate the relation 
between Shear Stress and the trace of the stress sensor, J1, with earthquake 
occurrence (Tanaka et al., 2002a). The fault mechanism was taken into account 
and the results showed that there were significant correlations between small 
magnitude  reverse  type  earthquakes  occurring  and  shear  stress  and  larger 
Magnitude Mw  Number of earthquake  p  Phase angle 
3   3.9 
4 – 4.9 
5 – 5.9 
6 – 7 
3151 
396 
54 
6 
3.79 % 
32.12 % 
92.39 % 
36.88 % 
138º 
 
 
 
 
 
 
 
Figure 5.13 Frequency distributions for earthquakes with small 
magnitude occurring near the SAF  Tarek Kansowa                  Chapter 5 
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magnitude  reverse  type  earthquakes  occurring  and  J1.  While  similar  results 
were obtained when only shallow earthquakes were  included, Tanaka et al also 
observed significant correlations for deep large reverse earthquakes with  both 
Shear stress and J1(Tanaka et al., 2002a).  
Figure 5.14 shows the Phase angles for significant p value for different 
earthquakes depths and magnitude occurring near the SAF. 
 
5.3.2.2   Earth Tides Result for earthquakes with magnitude Mw ≥ 3 at Long 
Valley Caldera 
Earthquakes  occurring  near  the  Long  Valley  Caldera  with  magnitude 
Mw=3 or above during the period of 1973 to 2009 have been used to find the 
relation between Earth tide vertical displacement and earthquake occurrence.  
The caldera  is about 32 km × 18 km and the height of the caldera walls ranges 
between 3 km to 3.5 km except in the east where it ranges between 150 m to 
2.3  km.  Earthquake  activity  in  this  region  includes  recurring  earthquake 
swarms and continued dome shaped uplift of the central section of the caldera 
Figure 5.14 Phase angles of different earthquakes depths and magnitude occurring 
near SAF with magnitude Mw≥3 where: 
     All earthquakes,       Earthquake with depth ≤ 12,       Earthquake with depth ≤ 10, 
   Earthquake with depth ≤ 8,      Earthquake with depth ≤ 6, 
 Earthquakes with small magnitude 
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(Tizzani et al., 2009). The faults type in this area are east/west striking right 
lateral striking slip fault or north striking–slip normal fault (Stephanie et al., 
2002).  The number of earthquakes considered is 2461 and the maximum and 
minimum  depths  are  44  km  and  near  the  Earth  surface  respectively.  The 
location of earthquakes is shown in Figure 5.15 and the results of p value and 
the phase angle for significant p values can be seen in Table 5.6. 
The frequencies distributions for the vertical displacement phase angle 
are shown in Figure 5.16. Figure 5.16a shows the result when all earthquakes 
included. The number of earthquakes is 2461, the value of p is 0.10% and the 
peak of the smoothed distribution occurs at a phase angle of  46º. By selecting 
Figure 5.15 Locations of Earthquakes of Mw ≥ 3 in the Long Valley Caldera Tarek Kansowa                  Chapter 5 
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Table 5.6 p values for earthquakes with Mw ≥ 3 at Long Valley Caldera 
earthquakes occurring at depths of 12 km or less, the number of earthquakes is 
reduced to 2387 and the value of p is increased to 0.12% as shown in Figure 
5.16b. The peak of the smoothed distribution occurs at  50º.  In Figure 5.16c 
for earthquakes occurring at depths of 10 km or less the p value is equal to 
0.07% and the peak of the smoothed distribution occurs at  54º. Figure 5.16d 
shows  the  vertical  displacement  frequency  distribution  when  earthquakes  at 
depth 8 km or less are included. The number of earthquakes is 2044, the p 
value is 0.68% and the peak of the smoothed distribution occurs at  47º. Figure 
5.16e shows the vertical displacement frequency distribution for earthquakes 
occurred at depth 6 km the number of earthquakes is 1702 and the p value is 
equal  to  4.90%.  Figure  5.16f  shows  the  vertical  displacement  frequency 
distribution for earthquakes occurred at depth 5 km. The p value is equal to 
10.16% which indicates that there are no significant correlation between Earth 
tides and the occurrence of earthquakes at depth of 6 km. Figure 5.16g,h show 
the  results  for  earthquakes  occurring  at  depths  larger  than  5km  and  6km 
respectively. The results are significant and match with the previous results.  
Depth  Number of earthquakes  P value  Phase angle 
All earthquakes 
Less than or equal 12 km 
Less than or equal 10 km 
Less than or equal 8 km 
Less than or equal 6 km 
Less than or equal 5 km 
Larger than 12 km 
Larger than 10 km 
Larger than 8 km 
Larger than 6 km 
Larger than 5 km 
2461 
2387 
2302 
2044 
1702 
1304 
74 
159 
417 
759 
1157 
0.10 % 
0.12 % 
0.07 % 
0.68 % 
4.90 % 
10.16 % 
33.26 % 
17.30 % 
12.52 % 
0.67 % 
0.39 % 
 46º 
 50º 
 54º 
 47º 
 59º 
 
 
 
 
 31º 
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a) All Data 
 
b) Depth ≤ 12 km 
 
c) Depth ≤ 10 km  d) Depth ≤ 8 km 
e) Depth ≤ 6 km  f) Depth ≤ 5 km Tarek Kansowa                  Chapter 5 
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Table 5.7 p values for different earthquake magnitudes near Long Valley Caldera 
The results of p value for other depths, which can be seen from Table 
5.6,  represent  the  same  results  as  previous  results.  There  are  significant 
correlations only for depths larger than 6 km and 5 km. the other depths show 
no significant correlations.  
Further analysis has been done by dividing the data into four groups 
according  to  earthquake  magnitude.  The  four  sets  are  for  earthquakes  of 
magnitude 3 ≤ Mw ≤ 3.9, 4 ≤ Mw ≤ 4.9, 5 ≤ Mw ≤ 5.9 and 6 ≤ Mw ≤ 7. The 
results can be seen in Table 5.7. The table shows that a small p value (0.18%) 
appears only with earthquakes of magnitude 3 ≤ Mw ≤ 3.9 and the phase angle 
is  43º. other magnitude earthquakes show  no correlation. 
 
Magnitude  Number of earthquake  p  Phase angle 
3   3.9 
4 – 4.9 
5 – 5.9 
6 – 7 
2221 
210 
27 
3 
0.18 % 
43.06 % 
79.57 % 
17.89 % 
 43º 
 
 
 
g) Depth > 6 km  h) Depth > 5 km 
Figure 5.16 Frequency distribution for different depths near SAF 
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Figure 5.17 shows the Phase angles for significant p value for different 
earthquakes depths and magnitudes occurring near Long Valley Caldera. 
Summarized results for various earthquake data subset can be seen in 
Table 5.8. The data are classified by focal depth and earthquake magnitude. 
The  table  includes  only  the  results  for  whole  data  sets  and  subsets  with 
significant p value. The table consists of 4 columns; Mag., Depth, N, and p% 
for earthquakes magnitude, earthquakes depth, number of earthquakes and the 
p value in percentage respectively.  
For  earthquakes  with  magnitude  Mw  larger  than  4.5,  the  correlation 
between earthquakes and Earth tides only appears for shallower earthquakes (≤ 
5  km).  For  earthquakes  with  magnitude  Mw  larger  than  or  equal  3,  no 
significant correlation can be found. When the earthquakes are classified into 
two  groups;  near  the  SAF  and  near  the  Long  Valley  Caldera,  a  significant 
correlation can be found for both sets. It should also be noted that the phase 
angle where the earthquakes tend to occur is different at the two locations. This 
Figure 5.17 Phase angles of different earthquakes depths and magnitude occurring near 
Long Valley Caldera with magnitude Mw ≥ 3 
        All earthquakes,     Earthquake with depth ≤ 12,      Earthquake with depth ≤ 10, 
   Earthquake with depth ≤ 8,    Earthquake with depth ≤ 6,    Earthquake with depth > 6,                            
Earthquake with depth > 5Km and,      Earthquakes with small magnitude 
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Table 5.8 Results of Schuster’s test for different earthquake magnitudes and depths 
may be related to the fact that the first group is located near the Pacific Ocean 
and San Andreas Fault and the other group is located away from the Pacific 
Ocean.  
 
 
Mag.  Depth (km)  N  p %  Phase angle 
Mw >= 4.5 
All 
All 
All 
≤ 6 
242 
80 
62.95 
4.73 
   
117º 
Mw >= 3 
All  All  6215  93.96     
Near SAF 
All 
All 
All 
All 
All 
 
3 – 3.9 
All 
≤ 12 
≤ 10 
≤ 8 
≤ 6 
 
All 
3607 
3189 
2873 
2360 
1681 
 
3151 
2.54 
0.44 
1.32 
1.44 
3.10 
 
3.79 
128º 
119º 
118º 
115º 
113º 
 
138º 
At Long Valley Caldera 
All 
All 
All 
All 
All 
 
All 
All 
 
3 – 3.9 
All 
≤ 12 
≤ 10 
≤ 8 
≤ 6 
 
> 6 
> 5 
 
All 
2461 
2387 
2302 
2044 
1702 
 
759 
1157 
 
2221 
0.10 
0.12 
0.07 
0.68 
4.90 
 
0.67 
0.39 
 
0.18 
 46º 
 50º 
 54º 
 47º 
 59 º 
 
 30º 
 31º 
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For earthquakes that occurred near SAF, significant correlations appear 
for the whole data set and especially for earthquakes that occurred at depth 
larger than 5 km and a small p value are found for smaller earthquakes (3 ≤ Mw 
≤ 3.9).  
  For earthquakes that occurred near Long Valley Caldera, a small p value 
has been found for the whole set especially for earthquakes that occurred at 
depths larger than 5 km. The p value is very low for the smaller magnitude 
earthquakes (3 ≤ Mw ≤ 3.9).  
It can be seen that in the SAF area and the Long Valley Caldera area 
there  are  significant  correlations  for  the  whole  set  of  earthquakes,  for  the 
deeper shallow earthquakes and also for earthquakes with low magnitude. The 
difference is only the phase angle; the phase angle for the area near the SAF is 
between 113º to 128º and for Long Valley Caldera is between  46º to  59º so 
the phase difference between the two phase shifts is about 180º. This phase 
angle difference may be due to the fact that the earthquakes near the SAF are 
also  near  the  Pacific  Ocean  (some  of  them  occurred  in  the  Pacific  Ocean) 
whilst the earthquakes at Long Valley Caldera are far away from the Pacific 
Ocean.  
5.4  Schuster Test Analysis 
To  understand  the  Schuster  test  some  examples  are  examined.  If  the 
histogram of the frequency distribution is completely flat when the Schuster 
test equations are applied (equation 2.1 and equation 2.2), the p value will be 
equal to 1. If the phase angle is constant then the calculated p value approaches 
zero as the number of values N increases as the probability of this distribution 
occurring by chance decreases.  If, however, the values are grouped at two 
phase angles differing by 180º; 0º and 180º, then the calculated p value will 
also be equal to 1 although the probability of this distribution occurring by 
chance is very small. This illustrates a disadvantage of the Schuster test with 
bimodal distributions; this is illustrated in Figure 5.18. Figure 5.18a shows the Tarek Kansowa                  Chapter 5 
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results  when  both  groups  are  included.  The  p  value  is  equal  to  1  and 
statistically  no  correlation  occurred.  Figures  5.18b,c  show  that  when  each 
group used individually, p value is equal to 0. Although there is a significant 
correlation  when each group is used  individually, when the two groups are 
combined  the  correlation  vanishes  because  of  the  180º  phase  difference 
between the groups. Combining the Long Valley Caldera earthquakes and the 
San  Andreas  Fault  earthquakes  has  led  to  a  similar  effect.  There  are  high 
correlations  for  earthquakes  occurring  in  the  SAF  area  and  Long  Valley 
Caldera area. As the phase angle differs by about 180º the correlation vanishes 
when the two groups are combined. 
 
 
 
 
a) Frequency distribution for two groups with 180º phase difference 
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b) Frequency distribution for the first group 
c) Frequency distribution for the second group 
 
Figure 5.18 Histogram of different distributions Tarek Kansowa                  Chapter 5 
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5.5  Solid Earth Tides and Ocean Load Tides 
Earthquakes  in  the  SAF  area  are  different  from  earthquakes  at  Long 
Valley Caldera area in a number of different ways. The physical mechanisms 
causing the earthquakes are very different and the topography of the two areas 
are very different. The earthquakes at Long Valley Caldera are at least 280km 
from the coast whereas the earthquakes in or near the San Andreas Fault are 
within 120km of the coast. The results of the correlation between Earth tides 
vertical displacement and earthquake occurrence at SAF area and Long Valley 
caldera area show that there are significant correlations in both areas and the 
phase angle where the earthquakes tend to occur differs by about 180º. More 
investigation has been done to see if the phase difference is related to the ocean 
load tides or to other differences in the topography of the areas. 
The Earth tides consists of two terms; solid Earth tides and ocean load 
tides, so  it would be expected that the relative contribution would be different 
in the two areas because of the proximity of the ocean. In order to examine 
whether this could be leading to the observed phase differences the relative 
magnitude of the solid Earth tide and ocean load tide were considered. The 
investigation starts by calculating the solid Earth tides, ocean load tides and 
Earth tides at two locations; one at the SAF area near the Pacific Ocean and the 
other at the Long Valley Caldera area. The solid Earth tides, ocean load tides, 
and Earth tides have been derived for locations in the two regions of interest. 
This has been done using a software package called GOTIC2 running under the 
UNIX environment and freely available from the internet. The two locations 
selected were the following: 
1   SAF area, 37.18N and 122. 32W 
2   Long valley Caldera area, 37.18N and 118.55W 
While  the  first  location  is  within  10km  from  the  coast,  the  second 
location is about 325km from the coast. The date 14
th of July, 1997 has been 
chosen to predict the solid Earth tides, ocean load tides, and Earth tides as there 
were two earthquakes in the regions of interest.  Figures 5.19 and 5.20 show the Tarek Kansowa                  Chapter 5 
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vertical  displacement  Solid  Earth  Tides  (SET)  represented  by  black  curve, 
vertical displacement Ocean Load Tides (OLT) represented by red curve and 
the combination of the SET and the OT (ET)  represented by green curve at the 
locations  in  the  SAF  area  and  Long  Valley  caldera  area  respectively.  The 
mixed tides shown are characteristic of the Los Angeles coast. The ocean load 
tides amplitude distribution shows a phase difference from the solid Earth tides. 
The ocean load tides amplitude at SAF area is larger than the one at Long 
Valley Caldera area. Figures 5.19 and 5.20 show that the ocean load tides is 
opposite in phase to the solid Earth tides during the first 12 hours and in phase 
during the next 12 hours. The ocean load tides decrease the overall Earth tides 
during the first half cycle of the day and increase the Earth tides during the 
second half of the cycle.  
 
 
 
 
 
 
 
 
 
 
 
 
  Figure 5.19 Vertical displacement solid Earth tides (SET), vertical displacement ocean 
load tides (OLT) and vertical displacement Earth(ET) tides for one day at SAF area. 
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Figure 5.21 shows the amplitude of the ocean load tides at both areas. It 
can be seen that the ocean load tides amplitude in the SAF area (OLT SAF); 
black  curve,  is  about  twice  the  ocean  load  tides  amplitude  at  Long  Valley 
Caldera  area  (OLT  LVC);  red  curve.  The  difference  in  the  ocean  tides 
amplitude  may  be  the  cause  of  the  difference  in  phase  of  the  correlation 
observed in the two areas.  
 
 
 
Figure 5.20 Vertical displacement solid Earth tides, vertical displacement ocean load 
tides and vertical displacement Earth tides for one day at Long Valley Caldera area 
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The results for one day are not enough to identify the full effect of the 
ocean load tides. Further investigation has been done by examining the Earth 
tides over 15 days rather than one day.  The 15 days selected includes the 14
th 
July the day selected for the daily analysis described earlier.  Figures 5.22 and 
5.23 show the amplitude distributions of the vertical displacement solid Earth 
tides,  Vertical  displacement  ocean  load  tides  and  the  vertical  displacement 
Earth tides at SAF area and Long Valley Caldera area respectively. There is 
about 100º phase shift between solid Earth tides and ocean load tides. Figure 
5.24 shows the amplitude of the ocean tides at both areas. 
The 15 days results are similar to the one day results.  There is about 
100º phase shift between solid Earth tides and ocean load tide. The ocean load 
tide amplitude at the SAF area is about twice the ocean load tides amplitude at 
Long Valley Caldera area. The magnitude of the ocean load tides varies during 
the 15 days. Ocean load tides  sometimes  increase the  overall  Earth tides and 
Figure 5.21 Vertical displacement ocean load tides at SAF area and Long Valley 
Caldera for one day 
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  Figure 5.23 Vertical displacement solid Earth tides, vertical displacement ocean 
load tides and vertical displacement Earth tides for 15 days at Long Valley 
Caldera. 
Figure 5.22 Vertical displacement solid Earth tides, vertical displacement ocean 
load tides and vertical displacement Earth tides for 15 days at SAF area. Tarek Kansowa                  Chapter 5 
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sometimes decrease the overall Earth tides.   Although the amplitude of the 
vertical displacement ocean load tides at SAF area is about twice the amplitude 
of the vertical displacement ocean load tides at Long Valley Caldera, there is 
no significant phase change in the overall Earth tides at both areas because the 
ocean load tide is small compared with the solid Earth tide.  
Further  investigation  has  been  done  to  study  the  ocean  load  tides  in 
different  locations  at  SAF  area.    Previous  results  at  SAF  will  be  used  in 
addition with results from 2 other locations at SAF area. Figure 5.25 shows the 
three locations where the solid Earth tides, ocean load tides and Earth tides will 
be calculated. The three locations; SAF1, SAF2, SAF3, have been chosen to 
give examples in different regions along the SAF. LVC is the location where 
the vertical displacement ocean load tides has been calculated previously at 
Long Valley Caldera area. 
Figure 5.24 Vertical displacement ocean load tides at SAF area and Long Valley 
Caldera for 15 days 
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Results at SAF1 have been calculated previously and Figures 5.26 and 
5.27 show the vertical displacement of solid Earth tides, ocean load tides and 
Earth  tides  at  SAF2  location  and  SAF3  location  respectively.  The  vertical 
displacement ocean load tides at the three locations can be seen in Figure 5.28. 
The results show that the vertical displacement ocean load tides is the largest at 
SAF1 location and is the smallest at SAF3 location as expected. The ocean load 
tides is not the same in all locations over the  SAF area which suggests  that the 
effect of the ocean is not the cause of the phase difference of 180º between the 
SAF area and the Long Valley Caldera area.  
LVC  SAF1 
 SAF2 
SAF3 
Figure 5.25 Locations at SAF and Long value caldera to calculate Ocean load tides 
effect Tarek Kansowa                  Chapter 5 
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Figure 5.26 Vertical displacement solid Earth tides, vertical displacement ocean 
load tides and vertical displacement Earth tides for 15 days at SAF2 
Figure 5.27 Vertical displacement solid Earth tides, vertical displacement ocean 
load tides and vertical displacement Earth tides for 15 days at SAF3 Tarek Kansowa                  Chapter 5 
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The topography of the Long Value Caldera area is different from the 
topography  of  the  SAF  area.  Earthquakes  in  the  Long  Valley  Caldera  are 
volcanic  in  origin  and  probably  associated  with  the  movement  of  magma. 
According to Suemnicht, the 1978 2004 period was characterized as a period of 
activity  which  was  probably  related  to  0.3km
3  of  additional  magma  and 
hydrous fluids underneath the Long Valley Caldera area (Suemnicht and Sorey, 
2007). The topographic difference may be the cause of the phase difference 
between earthquakes that occurred in SAF area and Long Valley Caldera area. 
To conclude, ocean load tides in the SAF area are larger than the ocean 
load tides at Long Valley Caldera area. There is a phase shift of about 100º 
between ocean tides and solid Earth tides. The ocean load tide is varying along 
the SAF area depending on the distance to the coast. There is, however, little 
evidence that the difference in the magnitude of the ocean load tide at the two 
locations  is  responsible  for  the  phase  differences  observed.  Differences  in 
Figure 5.28 Vertical displacement ocean load tides for 15 days at different 
locations at SAF  
 Tarek Kansowa                  Chapter 5 
 
109 
topography of the SAF area and Long Valley Caldera area are more likely to be 
responsible. 
5.6  InSAR Results  
The initial area of interest was the Aqaba area in Egypt. On November 
22, 1995, at 6:15 pm local time (4:15 pm GMT)(Osman and Ghobarah, 1996) 
an earthquake with a magnitude of 7.2 shook the Gulf of Aqaba for 1 minute. 
The epi centre of the earthquake was located in the gulf midway between the 
Egyptian cities of Dahab and Nuweiba. The main shock was felt from Lebanon 
to the north to Sudan to the south. Many cities suffered from structural damage 
including; Sharm El  Sheikh,  Dahab, and Nuweiba in Egypt,  Elite in Israel, 
Aqaba in Jordon, and Haql in Saudi Arabia.  
Two ERS1 SAR images were taken of the Aqaba area, the first image 
was in 8 Jun 1995 and the second image was in 23 May 1996, the images 
parameters are shown in Table 5.9. 
    Table 5.9 Interferometry image parameters of the Aqaba area 
Space craft 
Product Type 
Product Format 
Orbit 
Pass Direction 
Product start time  
Product stop time 
Scene centre 
Number of Product Lines 
Pixels per Line 
Processed Input Lines 
Missing Input Lines 
Doppler Centriod 
Processing Time 
Image Location 
ERS1 
SLC 
CEOS format 
20378 
Descending 
08 Jun 1995 08:20:52.498 
08 Jun 1995 08:21:10.137 
28.473º N 33.858º E 
29632 
4900 
30824 
0 
 1397.6 
25 Jun 2007 10:43:00.000 
Egypt / Saudi Arabia 
ERS1 
SLC 
CEOS format 
25388 
Descending 
23 May 1996 08:20:54.272 
23 Mar 1996 08:21:11.842 
28.477º N 33.858º E 
29517 
4900 
30704 
0 
 1436.28 
25 Jun 2007 10:43:00.000 
Egypt / Saudi Arabia Tarek Kansowa                  Chapter 5 
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During the time between acquisitions of the master and slave images, 
about twelve minor earthquakes occurred with magnitudes between values of 
4.4 to 5.2. The epi centre of the earthquake was located in gulf water at 28.76
o 
N and 34.63
o E. A part of the SAR images were taken from both the master and 
slave images closest to the epi centre of the earthquake. The whole scene of the 
SAR images is 29517 lines and 4900 pixels, and 800 lines and 300 pixels were 
used for the InSAR processing. The interferogram shown in Figure 5.29 covers 
the main earthquake and the other twelve minor earthquakes. 
The  area  is  not  covered  well  by  continuous  GPS  stations  and  SAR 
satellites, so the South California has been chosen for further investigation. 
Differential  radar  interferometry  is  a  powerful  technique  used  in 
different applications. One of its applications is to measure surface motion with 
mm scale precision over km scale areas (Rosen et al., 1996). A repeated path 
for  the  same  area  after  a  certain  period  of  time  can  measure  the  surface 
movements. The difference between the two SAR images is determined as an 
integer  number  of  wavelengths  which  contains  information  about  the  areas 
topography and/or the changes in the position of the ground surface during the 
two  images.  Two  SAR  images  acquired  for  a  certain  area  can  be  used  to 
measure the surface motion if there is a period of time between the two images. 
A  topographic  map  can  be  created  when  the  two  images  are  taken  from 
different positions at the same time. 
Repeat pass interferometry is known as the satellite revisit the same area 
after  a  period  of  time.  The  two  SAR  images  can  be  used  to  measure  the 
displacement in the line of sight. By applying the processing steps described in 
Chapter 5, an image of interferogram is created and the phase difference at 
each pixel can be  shown.  These interferogram are known as a  2π modulo 
because they show the phase left after dividing by 2π. It is equivalent to half of 
the satellites’ transmitter wavelength.  Tarek Kansowa                  Chapter 5 
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The Bam earthquake which occurred on 26, December 2003, located in 
the southeast of Iran at epicentre 29.01º N and 58.26º E has been investigated 
and the InSAR results can be seen in Appendix B. Figure 5.30 shows the map 
deformation of the Bam earthquake. This map is in agreement with other work 
and shows that the DORIS soft has been implemented correctly. 
 
Figure 5.29 Interferogram for Aqaba area 
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5.6.1  San Simeon Earthquake Results 
The San Simeon earthquake occurred on 22
nd of December, 2003 in a 
mountain area. Two SAR images acquired on 22
nd of October, 2003 and 19
th of 
May,  2004  have  been  used  to  extract  the  Earth  displacement  that  occurred 
between  the  times  of  the  two  images.  No  fringes  can  be  seen  from  the 
interferometric image produced. Other investigations were carried out by using 
a 3 pass system. The first step is to produce the topographic interferogram by 
using  the  two  SAR  images  acquired  on  22
nd  of  October,  2003  and  13
th  of 
0mm               28mm 
Figure 5.30 Deformation map during period 2003/12/03 to 2004/01/07 – Bam Area Tarek Kansowa                  Chapter 5 
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August, 2003. The second step is to produce the deformation interferogram by 
calculating the deformation interferogram from the two SAR images acquired 
on 22
nd of October, 2003 and 19
th of May 2004 and removing the topographic 
data  produced  by  step  one.  Again  no  fringes  can  be  seen  in  the  resulting 
interferogram and this is related to the mountainous nature of the area which 
leads to a low coherence between the images used to create the deformation 
map.  
5.6.2  Parkfield Earthquake Results 
The Parkfield earthquake occurred on 28
th of September, 2004 at latitude 
35.815º N and longitude 120.374º W. The geology of this region is governed 
by the movement of the Pacific and North American plates. The Pacific Plate is 
moving northwest relative to the North American Plate. High strain builds up 
between  these  plates  due  to  their  different  movement  rate.  The  Parkfield 
earthquake released some of this strain leading to the Pacific Plate moving to 
the northwest and the North America Plate moving southeast. 
The  Single  look  Complex  (SLC)  ASAR  images  acquired  from  the 
European Space Agency (ESA) were used to analysis the Earth movements 
related to the Parkfield earthquake. The ESA on line Catalogue (EOLI) was 
used to find the available images before and after the earthquake time. Two 
SAR images in a descending orbit with 180 m perpendicular baseline acquired 
on 22
nd of July, 2004 and the 4
th of November, 2004 have been used to produce 
the  deformation  map.  Table  5.10  shows  the  characteristic  of  the  available 
ASAR images. ESA  provided the data  on  a CD ROM that  include the one 
tandem  pair;  22  July  2003  and  4  November  2004.  Figure  5.31  shows  the 
Californian  area,  the  earthquake  location  and  the  boundaries  of  the  ASAR 
images used in Figure 5.32. The data was processed using DORIS software and 
the results can be seen in 5.32 which shows the Interferogram from 22/07/2004 
to 04/11/2004 for the Parkfield area. 
 Tarek Kansowa                  Chapter 5 
 
114 
 
 
 
No  Track 
Day 
Different 
(day) 
Base line 
Different 
(m) 
Orbit  Start 
(date/time) 
Stop 
(Date/time) 
Scene 
centre 
Lat. / Long. 
1 
442  105  180 
14023  2004/11/04 
18:04:03.60 
2004/11/04 
18:04:19.60 
35.756º N 
119.928º W 
2  12520  2004/07/22 
18:04:05.57 
2004/07/22 
18:04:21.57 
35.756º N 
119.928º W 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 5.10 Available Interferometry data from ESA Online catalogue 
 121   116   120   119   118   117 
35 
36 
37 
EQ 
Longitude ºE 
Latitude ºN 
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  Figure 5.32 shows the deformation map of the Parkfield area during the 
period of 22 July, 2004 to 4 November 2004. The topographic signal can be 
seen in the interferogram and a 3 pass technique has been applied to remove 
the topographic signal from the scene. The results can be seen in Figures 5.33 – 
5.37. 
  The first step of SAR processing is to read the processing parameters 
from  the  SLC  files  for  the  master  and  slave  image.  The  second  step  is  to 
calculate the precise orbit of the satellites acquired the two ASAR images and 
write the SLC data for master and slave image to the computer. Figures 5.33 
and 5.34 show the master and slave magnitude images respectively. The scene 
includes a large area of mountains which may lead to low coherence. Figure 
0                     28mm 
Figure 5.32 Interferogram – Parkfield Area   from 22/07/ 2004 to 04/11/2004 
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5.35 shows the coherence map. It can be seen there are a lot of areas with low 
coherence. 
The deformation map of the area during the period of 22 July, 2004 and 
the 4 November, 2004 can be seen in Figure 5.36. 
The  interferogram  contains  topographic  data  so  other  investigations 
have been done by using the 3 pass technique. The topographic map has been 
created by using two ASAR images acquired on 30
th of September, 2004 and 
11
th of November, 2004. Table 5.11 shows the characteristic of the ASAR pair 
images used to remove the topographic signal.  The deformation map is created 
by subtracting the topographic signal (Figure 5.36) from the deformation map 
in  Figure  5.32.  Figure  5.37  shows  the  deformation  map  using  the  3 pass 
technique.  Although  the  topographic  data  has  been  removed  from  the 
interferogram, a phase trend can be seen in the interferogram which is related 
to  the  lack  of  orbit  precision  (Capes,  1999).  The  InSAR  technique  uses  the 
difference in the phase magnitudes returned from at least two image acquisitions and 
so  interferometry  requires  that  the  phase  of  a  radar  echo  be  reproducible.  An 
important requirement is therefore that the orbits of both satellite passes are known 
precisely, Errors in the orbit will lead to errors in any products that are derived from 
the phase difference. This difference is called the decorrelation of the phase, and is 
quantified by correlation or coherence. 
A more detailed analysis needs to be done to remove the phase trend. 
 
No  Track 
Day 
Different 
(day) 
Base line 
Different 
(m) 
Orbit  Start 
(date/time) 
Stop 
(Date/time) 
Scene 
centre 
Lat.  / Long. 
1 
442  35   384 
14023  2004/11/04 
18:04:03.60 
2004/11/04 
18:04:19.60 
35.756º N 
119.928º W 
2  13522  2004/09/30 
18:04:01.24 
2004/09/30 
18:04:17.24 
35.7559º N 
119.924º W 
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Figure 5.33 Master magnitude image Parkfield area – Orbit 14023 – 04/11/2004 
Figure 5.34 Slave magnitude image Parkfield area – Orbit 13522 – 30/09/2004 Tarek Kansowa                  Chapter 5 
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Figure 5.35 Coherence map 
0                  28mm 
Figure 5.36 Interferogram – Parkfield Area   from 30/09/2004 to 04/11/2004 Tarek Kansowa                  Chapter 5 
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Figure 5.37 Interferogram – Parkfield Area   from 22/07/2004 to 04/11/2004 
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Chapter 6 
 
Conclusion and Future Work 
 
6.1  Introduction 
In this chapter, the results produced in Chapter 5 will be examined and 
future work will be discussed. 
6.2  Results 
The  primary  goals  of  the  research  were  to  investigate  whether  tidal 
forces can trigger earthquakes and to determine if SAR data can be used to 
determine the deformation related to an earthquake. The thesis is composed of 
two  sections;  the  determination  of  the  correlation  between  earthquakes 
occurring in the Californian area and Earth tides, and the calculation of  Earth 
movements due to two recent earthquakes that occurred in the  Californian area 
using SAR data. 
6.2.1  Correlation between Earth Tides and Earthquakes 
The  ETERNA33  software  package  has  been  used  for  the  Earth  tides 
processing in this thesis as it has a lot of advantages e.g.: 
1.  Free download from internet. 
2.  It uses the Hartmann and Wenzel catalogue which contains 12935 tidal 
waves and it is the most accurate catalogue. Tarek Kansowa                  Chapter 6 
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3.  The wave groups of Hartmann and Wenzel catalogue include the Earth’s 
flattening effects. 
The  Doris  software  package  has  been  used  to  detect  the  Earth 
displacement  using  the  InSAR  technique.  Deformation  maps  for  any  area 
covered by SAR images can be created and for any period of time. 
In the first section of the thesis, earthquakes with magnitude Mw = 4.5 or 
above  were  chosen  to  investigate  the  correlation  between  earthquake 
occurrence and the vertical displacement of the Earth tides. The results show 
that there is a significant correlation for earthquakes occurring at depths of 6km 
or less and the earthquakes tend to occur near a phase angle between 113º and 
117º.  Another  investigation  was  carried  out  to  investigate  the  potential 
correlation between earthquakes occurring and the Moon phase by using the 
same data set. The results show that a high correlation between earthquake 
occurrence at shallow depths (depth ≤ 12 km) and the full Moon.  The presence 
of aftershocks, however, does require a more detailed analysis to establish the 
true significance of this result.  Aftershocks, by definition, occur soon after the 
main earthquake and so this will tend to clustering occurring in the same part of 
the lunar cycle. This is a distinct possibility as the total number of earthquakes 
is only 242 and the number of earthquakes at depths of 6km or less that leads to 
a significant p value is 80.  
Other investigations have been done for the same area for earthquakes 
with magnitude Mw=3 or above. The total number of earthquakes is 6215 and 
the maximum earthquake depth is 44 km and the minimum depth is near the 
Earth  surface.  There  is  no  significant  correlation  when  all  earthquakes 
included.  The  earthquakes  were  classified  into  two  sets  according  to  their 
locations. One set of earthquakes occurred near the San Andreas Fault. The 
results  show  that  the  whole  set,  which  included  3607  earthquakes,  has  a 
significant correlation especially for small magnitude earthquakes (3 ≤ Mw ≤ 
3.9). The earthquakes tend to occur near a phase angle of 128º which is nearly Tarek Kansowa                  Chapter 6 
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the same result (phase angle = 117º) for earthquakes with magnitude Mw=4.5 or 
above. The results for the other data set near the Long Valley Caldera also 
show  a  significant  correlation  for  the  whole  set  and  especially  for  small 
earthquake magnitudes (3 ≤ Mw ≤ 3.9). The earthquakes tend to occur near 
phase angle  46º. The phase difference between the two sets is about 180º . The 
first  set  of  earthquakes  near  the  San  Andreas  Fault  is  close    to  the  Pacific 
Ocean, while the other set is located at least 300km away. It would be expected 
that the contribution of the ocean load tide would be verty different in the two 
locations. Further study showed that this was the case and whilst there were 
phase differences between the solid earth tide and the ocean load tide and this 
could be a contributory reason to the phase differences observed it was not 
considered to be the sole reason because the contribution of the ocean load tide 
was relatively small  for most locations  in both regions. It is thought that the 
underlying topography is more likely to be the basis for the different phases  
observed.  
6.2.2  Measuring Earth Deformation using SAR 
The second section of the research  used SAR data to calculate the Earth 
displacement  related  to  two  recent  large  earthquakes  that  occurred  in  the 
Californian area.  
SAR data are used to create a 2 dimensional displacement image. The 
San  Simeon  earthquake  occurred  on  22
nd  of  December,  2003.  Three  SAR 
images acquired on 13
th of August, 2003, 22
nd of October, 2003 and 19
th of 
May, 2004 have been used to create the two dimension displacement image 
during the San Simeon earthquake. The resulting interferogram image shows 
no fringes can be seen and this is related to the nature of the area where a lot of 
mountains covering the scene, and low coherence between the images used to 
create the deformation map. 
The Parkfield earthquake occurred on 28
th of September, 2004. Three 
images were acquired on 22
nd of July, 2004, 30th of September, 2004 and the Tarek Kansowa                  Chapter 6 
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4
th of November, 2004. The deformation image shows a phase trend which is 
related to the lack of orbit precision.  Although the results show that there are 
some fringes related to the Parkfield earthquakes, few conclusions could be 
drawn  from  the  results  and  the  recommendation  is  made  that    more  data 
analysis needs to be done to improve the results. 
6.3  Conclusions 
The original objectives have been partially fulfilled. A detailed analysis 
has been performed of the correlation of Earth tides and earthquakes. In view 
of the positive results achieved this work was extended and less effort was 
expended on the use of SAR data because the InSAR results were difficult to 
interpret. 
The results from the Earth tide analysis shows that there are significant 
correlations  between  earthquake  occurrence  and  Earth  tides  vertical 
displacement. In particular: 
1.  Earthquakes with magnitudes Mw ≥ 3 near the SAF or the Long Valley 
Caldera  show  a  significant  correlation  with  Earth  tides  vertical 
displacement especially for earthquakes with small magnitudes. Similar 
results have been observed for vertical strain.  
2.  The phase angles where earthquakes tend to occur in the two regions 
considered differ by about 180º. This difference in phase angle may be 
related to the effect of the ocean load tide and the distance between the 
study area and the SAF. The first area is near to the SAF and also to the 
Pacific Ocean, whereas the second area is away from both the SAF and 
the Pacific Ocean. 
3.  Earthquakes with small magnitudes (3 ≤ Mw ≤ 3.9) occurring near the 
SAF show a particularly strong correlation with Earth tides  Tarek Kansowa                  Chapter 6 
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4.  Significant  correlations  are  observed  for  Earthquakes  occurring  at  all 
depths near the SAF.  There is a slight tendency for the correlations to 
decrease at lower depths.  
5.  Earthquakes  with  small  magnitudes  occurring  near  the  SAF  tend  to 
occur  near  the  phase  angle  138º  and  at  phase  angles  of  128º  for  all 
earthquakes.  
6.  Similar  results  can  be  seen  for  earthquakes  occurring  near  the  Long 
Valley  Caldera.  High  correlations  are  observed  for  all  depths  of 
earthquakes.  
7.  Earthquakes of all magnitudes occurring near Long Valley Caldera tend 
to occur at phase angles of  46
o.  
8.  Earthquakes with low magnitudes occurring near Long Valley Caldera 
tend to occur at phase angle  43. 
9.  Ocean load tides amplitudes in areas near the ocean are much larger than 
in the Long Valley Caldera area. 
10. Differences  in  the  ocean  load  tides  amplitude  and  the  phase  shift 
between solid Earth tides and ocean load tides are unlikely to be the sole 
cause of the phase difference observed as the relative amplitudes are 
small. 
11. The differences in topography of the SAF area and Long Valley Caldera 
area may be the cause of the phase difference observed. 
Finally, a number of areas were analysed using SAR data to map Earth 
displacements. The following were found: 
1.  The  process  has  been  verified  by  using  SAR  data  for  the  Bam 
earthquake in Iran.  Tarek Kansowa                  Chapter 6 
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2.  An earthquake in Aqaba in Egypt was monitored and the deformation 
map is obtained.  
3.  The SAR data applied to the San Simeon earthquake and the Parkfield 
earthquake  did  not  provide  useful  results.  Both  of  these  earthquakes 
occurred  in  mountainous  areas.  Although  the  deformation  map  of 
Parkfield earthquakes shows some fringes, these fringes contain a phase 
trend and more detailed analysis is needed to improve the results.    
6.4  Future Work 
The area considered in this research has been confined to the Californian 
area only and the relationship between Earth tides and earthquake occurrence 
has been considered without taking into account the type of the earthquakes. 
Future work is needed to find the correlation of Earth tides and earthquakes 
occurring  worldwide  and  also  to  take  into  account  the  fault  type.  There  is 
conflicting  evidence  that  fault  type  is  important.  Tanaka  finds  a  significant 
difference  between  types  of  fault    (Tanaka  et  al.,  2002b)  whereas  Metivier 
found  no  clear  evidence  for  a  correlation  with  the  focal  mechanism  and 
concluded  that  depth  and  magnitude  were  the  most  important  parameters 
(Metivier et al., 2009). Nevertheless the extent of the correlation and the phase 
angle are likely to depend on the type of earthquake. This is illustrated by the 
significant difference in the phase of the correlation observed in earthquakes 
near the SAF and the Long Valley Caldera.  
Earthquakes are categorised in terms of the depth that  they occur as 
shallow, intermediate, or deep. Shallow earthquakes occur between 0 and 70 
km  deep  and  so  all  the  earthquakes  considered  in  this  research  have  been 
shallow. Although it is expected that Earth tides will have a greater impact on 
the shallow earthquakes the depth of the earthquake and its correlation with 
Earth tides could be the subject of more detailed study.  
The first step in this research would be to identify earthquakes above a 
threshold  magnitude.  In  this  research  two  magnitude  thresholds  were Tarek Kansowa                  Chapter 6 
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considered;  Mw≥3  and  Mw≥4.5.  There  is  some  evidence  that  the  lower 
magnitude earthquakes have a better correlation with Earth tides but the higher 
threshold would provide a clearer unambiguous identification of an event.  
The next step is to use GPS data combined with SAR data. For each 
deformation map produced from SAR data the GPS stations movements can be 
calculated for the same period by  using the time  series data from the  GPS 
stations.  A  comparison  of  the  results  from  GPS  stations  with  InSAR 
deformation map for the same area and period can then be made. As the GPS 
results are more accurate than the InSAR results, the deformation map could 
then  be  adjusted.    A  combined  GPS  and  InSAR  results  could  produce  a 
deformation map with high accuracy.  
A  database  of  significant  correlations  between  Earth  tides  and 
earthquakes  could  also  be  established.    For  each  event  the  database  could 
contain  the  correlation  value,  deformation  map  and  GPS  stations 
displacements. The created database can be used in two different ways; firstly, 
any researcher investigating the relation between Earth tides and earthquake 
occurrence can search in the database and choose the suitable area and time to 
start his/her work. Secondly, the database could be updated / appended by other 
researchers as work is performed. 
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     ا        ا   
لز   ا ثو             ر   او    ا ي         إ           إ   ارد ءا  إ         .     ا لز   ا ما    ا      ار  ا     و
               1973  , 2007        آ ب          آأ وأ   و    ةر   تاذ     آر        و    ر 4,5      از ا ب          و
لا  ز  آ     و   و    ر   او        د    ا  .  ر    ا          لز   ا ثو  و ر   او    ا            ا      ا   ار  و
       .      واز           ر   او        د    ا   از              و      180  و 180     لا    ا ثو     و   إ         رد  .
ر   او        د    ا   از ا       ا    ث       ا لز   ا              م            ر    ا            ا      او  .     و
ر   او    ا ي  و    و       ط   را د  و م            آ   لز   ا        ما    ا  .                إ لز   ا   
      ا لز   ا ثو       ي   ط   را د  و                و ت       ) 6         آ  ( ر   او        د    ا   از او  .     آو
      ا ر     ا    و لز   ا            ما           ا   ا  و لز   ا ثو            ا ف         ارد      .
  و       ا    وأو       ا لز   ا ثو            ط   را      د ) 12         آ  (     ا ل   آا      و   و    ا       ا   د  
   ا   ه ن      ا  ز          إ ج       ارد          ا ى    ا                آأ     .   
 
     
Abstract: 
The ability of Earth tides to trigger earthquakes has been investigated statistically. 
Earthquakes occurring in the South of California and the Parkfield area with magnitude Mw 
≥ 4.5 during the period 1973 to 2007 have been used. The earth tides vertical displacement 
has been calculated at the location and time of each earthquake. The relation between Earth 
tides and earthquake occurrences is measured statistically by applying Schuster’s test. Each 
earthquake is assigned a phase angle between  180 and 180 degrees based on its occurrence 
time with respect to the local Earth tides. The value of p is used to determine the null 
hypothesis that earthquakes occur randomly with respect to the phase angle of the tidal 
variation. No significant correlation is observed between earthquake occurrence and Earth 
tides for the data set including all earthquakes. By classifying the data set according to the 
earthquake depth, a significant correlation has been found for shallower earthquakes (depth 
≤ 6 km). A further analysis has explored the relationship between the earthquake occurrence 
and the Moon phase. The same data set has been used and Schuster’s test indicates that there 
is a high relation between earthquake occurrence at shallow depths (depth ≤ 12 km) and the 
full Moon.  The presence of aftershocks, however, does require a more detailed analysis to 
establish  the  true  significance  of  this  result  as  aftershocks  can  lead  to  clustering  of 
earthquakes that could bias the results.  
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1. Objective 
In  this  paper  the  relationship 
between crustal motion and Earth tides is 
examined.  The  objective  is  to  examine 
whether  tidal  forces  can  trigger 
earthquakes. 
The area of interest is the South of 
California  and  the  Parkfield  area.  These   
are defined as high earthquake risk areas. 
The  Californian  area  is  described  as  a 
large  laboratory  to  study  Earth 
displacements and earthquakes as the area 
is  well  covered  by  GPS  stations  and 
seismic  instruments,  and  is  also  well 
covered  by  satellites  such  as  Envisat, 
ERS2, which provide a lot of information 
about this area [Donnellan et  al.,(1)]. 
 
2.  Evidence  that  tides  can  trigger 
earthquakes 
It has been postulated for at least a 
century  that  earthquakes  and  Earth  tides 
are  linked.  The  stress  associated  with 
Earth tides can be up to 5x10
3Pa and in 
ocean  basins  water  loading  can  build 
stresses  up  to  nearly  5x10
4Pa  (0.5  bars) 
[Cochran et al., (2)]. Whilst this stress is a 
small fraction of the stress released during 
an earthquake which is typically 5 50MPa 
for  moderate  and  large  earthquakes 
[Allmann  and  Shearer,  (3)]  there  is 
evidence that the tidal effects could act as 
a  trigger  as  the  rate  of  change  of  the 
periodic stress change by the Earth tide is 
much  larger  than  the  rate  of  change  of 
tectonic stress [Tanaka et al., (4)]. On the 
other hand, if additional stress is applied 
to a fault system that is near failure it is 
thought that this may initiate the rupture 
process  that  produces  an  earthquake 
[Emter, (5)]. 
One of the earliest observations of 
possible relations was that for several days 
after  an  earthquake  at  Ito,  Japan  (1930), 
the number of earthquakes occurring per 
hour  during  low  tide  was  higher  than 
during high tide [Nasu et al,. (6)]. Several 
recent  papers  have  demonstrated  a 
significant  relation  with  certain  types  of 
earthquake. Tanaka et al, 2005, [7] studied 
the  relation  between  Earth  tides  and 
earthquakes that occurred before the 2004 
Sumatra earthquake Mw= 9.0. The results 
showed a high relation for the ten  years 
before  the  2004  Sumatra  earthquake 
especially around the initial rupture point 
of the main shock. They did not observe 
the same relation neither at other times nor 
over  the  larger  region.    They  also 
observed  that  the  peak  earthquake 
occurrence occurred when the tidal shear 
stress  was  at  its  maximum.  Their  study 
suggests that if the tectonic plate stress is 
near critical condition, a small variation in 
the stress due to the Earth tide can trigger 
a large earthquake. 
After  the  October  1983  Miyake 
Jima  volcanic  eruption,  for  the  next  14 
days,  the  hourly  number  of  earthquakes 
peaked  at  low  tide  and  at  high  tide 
[Kasahara, (8)]. A further eruption on 8
th 
July  2000  was  followed  by  several 
earthquakes that showed a similar relation 
with  ocean  tides.  Tolstoy,  [2002,(9)] 
found an evidence that Earthquakes occur 
more frequently near low tides, especially 
the  lowest  spring  tides,  when  the 
extensional stresses are a maximum in all 
directions.  A possible explanation was the 
decrease in confining pressure when some 
of the weight of the ocean is removed at 
low tide. A different result was found by    
Cochran  et  al.,  [2]  who  found  a  better 
correlation  of  Earth  tides  with  shallow 
earthquakes  and  when  both  Earth  tides 
and  ocean  tides  are  taken  into  account 
large earthquakes were three times  more 
likely to occur during high tides than low 
tides. A study of about 9350 earthquakes 
with  magnitude  5.5  at  least  has 
investigated  the  relationship  between 
earthquake  occurrence  and  Earth  tides Tarek Kansowa                                 Appendix A 
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[Tanaka,  (10)].  The  results  show  that  a 
high correlation appears between reverse 
fault type earthquakes and Earth tides, and 
a  significant  correlation  between  large 
normal  fault  type  earthquakes  and  Earth 
tides. There was less evidence that other 
types of faults have the same correlation 
with tides. 
 
3. Earth Tides 
The Earth tide is the vertical tidal 
variation on the Earth surface. It consists 
of two terms; a direct term and an indirect 
term. The direct term is called body tide 
and  is  due  to  the  tidal  potential,  the 
indirect term is called ocean load tide and 
occurs  due  to  the  ocean  [Tanaka  et  al., 
(4)].  Earth  tide  also  has  another  two 
components;  a  horizontal  tilting  and  a 
horizontal  displacement.  Earth  tides 
analysis is used to find out the parameters 
of  the  module  which  describe  the  Earth 
response to Earth tides taken into account 
the  earth,  station  and  sensor  properties 
[Wenzel, (11)]. 
 
3.1 Tidal potential 
At  any  point  P  on  the  Earth’s 
surface  the  tidal  acceleration 
→
b can  be 
calculated  as  the  summation  of  the 
gravitational  acceleration 
→
p a and  the 
orbital  acceleration 
→
0 a .  The  tidal 
acceleration 
→
b  can be formulated by using 
Newton’s  gravitational  law  and  can  be 
given as: 
 
 Where  
 
G ( the National gravitational constant) = 
6.6672 × 10
 11 m
3. 
Mb = Mass of the celesitial body. 
→
d = Topocentric distance vector. 
→
s = Geocentric distance vector. 
The tidal acceleration 
→
b can be calculated 
as the gradient of the tidal potentialV :  
Where 
r = Radius  vector 
At geocentre  
→
d  = 0, so as
→ →
=0 r , V= 0 and 
equation (2) can be written as: 
Where  
ψ  = geocentric zenith angle 
Using  a  series  of  Legendre  polynomials 
) (cosψ l P , equation (3) can be formulated 
as: 
r/s is about 1.6*10
 2 and  4*10
 5 for 
the Moon, and the Sun respectively and so 
the series converges readily. In the most 
accurate catalogues lmax is equal to 6, 3, 
and 2 for The Moon, the Sun and other 
planets respectively [Wenzel, (12)]. About 
98% of the tidal potential V comes from 
degree 2. 
 
3.2 Earth Tides prediction 
This  analysis  used  the  ETERNA 
3.30  software  package;  a  powerful  tool 
which  can  be  used  for  Earth  tides  data 
processing with high accuracy on all areas 
worldwide. It has been created by Wenzel 
1996 and a lot of modifications and new 
models have  been added to the software 
package. It enables recording, processing, 
analysis  and  prediction  for  all  the  tidal 
wave parameters for any place worldwide 
)
cos . 1 1
( 2 s
r
s d
GM V b
ψ
− − = (3) 
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e.g.  Earth  tides  gravity,  displacement, 
strain,  etc.  to  be  predicted  with  high 
accuracy.  
The tidal parameters for about 977 
earth  tides  stations  worldwide  can  be 
found  on  web  address 
http://www.astro.oma.be/ICET/reg/Tidal_
gravity_modeling.htm.  The  tidal 
parameters include the Oceanic tides. 
The  stations  are  grouped  into  21 
groups  according  to  their  geographical 
positions.  The  tidal  parameters  of  the 
study  area  can  be  found  in  NORTH 
AMERICA  group  which  contains  about 
93 stations. The web site provides fifteen 
tidal wave parameters (M0S0, SSA, MF, 
Q1,  O1,  P1,  K1,  J1,  OO1,  N2,  M2,  S2, 
K2,  M3,  and  M4)  for  different  types  of 
earth tides prediction programs as Predict, 
MT80w  and  T soft.  A  tidal  parameters 
catalogue  file  has  been  created  for  the 
worldwide  stations.  The  following 
information  has  been  used;    longitude, 
latitude, depth and gravity, amplitude and 
phase shift for the tidal wave parameters 
M0S0,  SSA,  MF,  Q1,  O1,  P1,  K1,  J1, 
OO1, N2, M2, S2, K2, M3 and M4. 
 
4. Results  
4.1 Earth Tides 
  On  22
nd  December  2003,  an 
earthquake with magnitude M6.5 occurred 
in the central coast of the Californian area 
at  latitude  35.706N  and  longitude 
121.106W.  This  is  known  as  the  San 
Simeon  earthquake.  Nine  months  later 
another  earthquake  with  magnitude  M6 
struck  the  same  area  again  at  latitude 
35.815N  and  longitude  120.374W.  This 
was  located  in  the  region  around 
Parkfield,  a  region  that  lies  on  the  San 
Andreas  Fault  and  is  characterised  by 
regular earthquakes. Research to measure 
the  Earth  tidal  vertical  displacement 
during the occurrence of other earthquakes 
near  the  epicentres  of  both  earthquakes 
during the period 1973 to 2007 has been 
done.  Earthquakes  with  Mw  ≥  4.5  have 
been  chosen  for  this  study  in  order  to 
ensure  that  events  larger  than  the 
background seismicity were selected. The 
research  initially  investigated  an  area  of 
about  100km  X  100km  centred  near  the 
epicentre  of  both  earthquakes  in  the 
Californian  area.  The  number  of 
earthquakes  was  too  small  to  provide 
accurate results, so the area was enlarged 
until there were about 242 earthquakes of   
the required magnitude. The area assigned 
was  from  latitude  33.81N  to  latitude 
37.81N  and  from  longitude  122.37W  to 
longitude 118.37W. The 242 earthquakes 
identified  were  used  to  investigate  the 
relation  between  Earth  tides  vertical 
displacement and earthquakes occurrence 
in  this  area.  The  locations  of  all  242 
earthquakes are shown in figure 1.  
 
The    earthquakes  in  the  line 
running  SE/NW  all  occur  along  the  San 
Andreas Fault. Earthquakes to the NE are 
Figure 1 Earthquakes location with 
magnitude ≥ M4.5 Tarek Kansowa                                 Appendix A 
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Table 1: p values for different earthquake depths 
associated with the Long Valley Caldera; 
a depression in eastern California that is 
adjacent to Mammoth Mountain. 
  
Statistical test: 
The correlation between Earth tides 
and  earthquake  occurrences  can  be 
measured  statistically  by  applying 
Schuster’s  test  [Tanaka,  (10)],  [Heaton, 
(13)], and [Heaton, (14)]. If the time of the 
earthquake is plotted against the Earth tide 
a phase angle can be defined.   This phase 
angle is between  180 to 180 as seen in 
figure 2.  
The  Schuster’s  test  is  used  to 
determine  if  the  occurrence  time  of  the 
earthquake  has  a  correlation  with  the 
Earth  tide  variation.  The  Schuster’s  test 
can be given as:  
∑ ∑
= =
+ =
N
i
i
N
i
i D
1
2
1
2 2 ) sin ( ) cos ( θ θ           
And 
Where 
N= Number of earthquake 
θ = Phase angle shift 
The value of p is used to determine the 
null  hypothesis  that  the  earthquakes  occurs 
randomly with respect to the phase angle of 
the  tidal  variation.  The  value  of  p  varies 
between 0 and 1, as p approaches 0 the null 
hypothesis that earthquakes occurs randomly 
tends  to  be  small  i.e.  there  is  a  positive 
correlation  between  the  Earth  tide  phase 
and  the  occurrence  of  earthquakes.  P  is 
often required to be  <0.05 to consider a 
correlation  between  Earth  tides  and 
earthquakes occurrence [Tanaka, (10)]. 
The results of p values can be seen 
in  Table  1  where  the  p  value  has  been 
calculated for different earthquake depths. 
 
 
 
It  can  be  seen  that  there  is  no 
correlation between the Earth tide vertical 
strain and earthquake occurrence when all 
the earthquakes are included. The p value 
reduces as the depths of the earthquakes 
included  become  shallower.  For 
earthquakes occurring at a depth of 6 km 
or  less,  a  significant  correlation  can  be 
seen.  The  locations  of  the  earthquakes 
occurring at depths of 6 km or less can be 
seen in figure 3. 
Figure  4  shows  the  phase  shift 
distribution  and  frequency  distribution  for 
different earthquake depths as in table 1. 
The earthquakes are shown according 
to phase angle in bins of 45º width. Following 
Tanaka  (2002),  the  least  square  sinusoidal 
curve fitting has been applied to the frequency 
Depth  Number of 
earthquakes  p value 
All earthquakes 
 
≤ 12 Km 
≤ 10 Km 
≤ 8 Km 
≤ 6 Km 
≤ 5 Km 
242 
 
199 
172 
117 
80 
50 
47.81 % 
 
32.59 % 
10.79 % 
6.46% 
4.73 % 
0.03 % 
Figure 2 Tidal phase angle shift (Tanaka 
et al. 2002). Assign 0º and ±180º to the 
maximum and the minimum of the tidal 
shear  stress  respectively  just  before  or 
after each earthquake.. A linear scale with 
time has been used to calculate the tidal 
phase angle. 
(5) 
) exp(
2
N
D
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distributions. The equation of the least square 
sinusoidal curve fitting is: 
Where 
θ = Phase angle 
P0 = Mean frequency 
P1 = Amplitude of the fitted curve 
Φ = Phase of the fitted curve 
 
The range of the earthquakes depths, 
the  p  value  obtained  by  the  Schuster’s  test, 
and the total number of earthquakes included 
in each data set is shown in the top left of 
each histogram. Also the tidal phase angle for 
each earthquake occurrence time for each set 
can be seen in the histogram. 
Whilst the p value does decrease as   
earthquakes  become  shallower  (Figure 
4.a  4.d), it is not until depths become 6 
km or less where the correlation becomes 
significant. Figure 4.e shows the result of 
analysis using 80 earthquakes occurred at 
depth 6 Km or less. About 73 earthquakes 
with  magnitude  between  4.5  and  5.5 
occurred within this set. A clear clustering 
of  earthquakes  at  the  phase  window 
between 90º to 135º can be seen from the 
histogram, and the  p  value is significant 
(p=  4.73%).  The  results  for  earthquakes 
occurred at depth 5 Km and less ( Figure 
4.f  )  show  a  significant  high  correlation   
(p= 0.03%) which means, that there is a 
high  correlation  between  earthquakes 
occurring at depth 5 km or less with Earth 
tides.  A  total  number  of  50  earthquakes 
have been used to calculate the p values.   
The angle where these earthquakes tend to 
occur can be calculated by using equation 
7. The phase angle  Φ at the peak of the 
occurrence frequency distribution is about 
113º.  The  gradient  of  the  vertical 
displacement  reaches  its  maximum  at 
phase  angle  90º.  The  high  correlation   
around this angle suggests a possible link 
Figure 3 earthquakes locations with depth≤6 Km 
 
  ) cos( ) ( 1 0 Φ − + = θ θ P P P
(e) Depth ≤ 6 Km 
 
(f) Depth ≤ 5 Km 
 
Figure 4 Phase and Frequency distributions 
(c) Depth ≤ 10 Km 
 
(d) Depth ≤ 8 Km 
 
(a) All Data  (b) Depth ≤ 12 Km 
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Table 2 p values for lunar day number and 
earthquakes for different earthquake depths 
between  earthquakes  and  the  rate  of 
change of Earth tide vertical displacement.  
 
4.2 Earthquakes and the Moon Phase 
The  amplitude  of  the  attraction 
force of the Moon – Earth – Sun system 
varies  through  the  lunar  month  as  the 
relative position of the Sun and the Moon 
change. Figure 5 shows the Moon phase 
during the lunar month. The Earth tide is 
maximum during the new and full Moon 
and minimum during the first and the third 
quarter. Research work has been done to 
investigate  the  relation  between 
earthquake  occurrence  and  the  Moon 
phase. Using the same data set, the lunar 
date  of  each  earthquake  has  been 
calculated  by  using  a  calendar  converter 
program  online  at  web  site 
http://www.fourmilab.ch/documents/calen
dar/.  The  Shuster’s  test  has  then  been 
applied to  find out if there is a correlation 
between  earthquake  occurrence  and  the 
Moon phase. The semidiurnal tidal range 
varies in a two week or fortnightly cycle 
and so the time of the earthquake has been 
identified with respect to this cycle 
Before applying the Schuster’s test, 
some  modifications  have  to  be  done 
before it can be applied correctly. These   
can be summarized in the following steps: 
 
1. The  maximum  difference  between 
the  high  tide  and  low  tide  occurs 
during  the  new  and  the  full  Moon 
and the minimum difference between 
the  high  tide  and  low  tide  occurs 
during the first and third quarter. 
2.  The Moon phase angle is assigned 
at  the  occurrence  time  of  each 
earthquake. It is measured from the 
maximum  of  the  Earth  tides  that 
occurs  closest  to  the  time  of  the 
earthquake. The Moon phase angle 
can take a value between  180º to 
+180º where ±180º corresponds to 
the  minimum  Earth  tide  and  0º 
corresponds  to  maximum  Earth 
tides    
3.  The  tidal  phase  angle  for  each 
earthquake (see Tanaka, 2002) can 
be calculated by a linearly dividing 
the  time  interval  between  the 
maximum  and  minimum  of  the 
tidal stress. 
4.  Apply the Schuster test to calculate 
the p value. 
 
The  results  for  the  calculated  p 
value are shown in table 2.  
Depth  Number of 
earthquakes  p value 
All earthquakes 
 
≤ 12 Km 
≤ 10 Km 
≤ 8 Km 
≤ 6 Km 
≤ 5 Km 
 
>12 Km 
>10 Km 
> 8 Km 
> 6 Km 
> 5 Km 
242 
 
199 
172 
117 
80 
50 
 
43 
70 
125 
162 
192 
29.03 % 
 
4.44% 
3.34 % 
15.58 % 
1.02 % 
43.73 % 
 
2.71 % 
5.2 % 
64.19 % 
21.08 % 
34.34 % 
New 
Full 
First 
quarter 
Third 
quarte
Figure 5 Moon Phase during lunar month Tarek Kansowa                                 Appendix A 
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p  values  have  been  calculated  for 
different earthquake depths. It can be seen 
that  there  is  no  correlation  between  the 
Moon  phase  and  earthquakes  occurrence 
when  all  earthquake  are  considered. 
Figure 6 shows the phase shift distribution 
and frequency distribution for the different 
earthquakes depths shown in table 2. 
Table  2  shows  that  when  all 
earthquakes  are  included  the  p  value  is 
29.03 %. The p value reduces significantly 
when  the  earthquakes  are  classified  into 
two sets; the first one for earthquakes at 
depths of 12 Km and less and the second 
set for earthquakes at depths greater than 
12 Km. The number of earthquake is 199 
for earthquakes occurring at depth 12 Km 
and less. The  p value is equal to 4.44% 
and  there  is  a  trend  of  earthquakes  to 
occur near day number 13 i.e. near the full 
Moon.  The  result  implies  that  there  is  a 
high  correlation  between  earthquakes 
occurring at depth 12 Km and less and the 
occurrence of the full Moon. The analysis 
for earthquakes occurring at depth 10Km 
or less show that there is a good value of p 
(3.34%) and the earthquakes tend to occur 
at  day  number  12  while  the  p  value  for 
earthquakes occurs at depth 8 Km or less 
and 5 km or less are high. The p value is 
significantly  small  for  earthquakes 
occurring at depth 6 Km or less. It should 
be  noted,  however,  that  the  presence  of 
aftershocks  could  be  leading  to  a 
misleading conclusion. Aftershocks of an 
earthquake will occur in the same part of 
the lunar cycle as the original earthquake 
and with limited data will tend to bias the 
results.  The  table  shows  the  p  result  for 
earthquakes  occurring  at  depths  greater 
than 12 Km. There are 43 earthquakes and 
the p value is 2.71%. The chart shows that 
the  earthquakes  trend  to  occur  on  day 
number 5 which is near to the first quarter 
of the Moon phase. A high correlation can 
be seen between earthquakes occurring at 
depths  greater  than  12  Km  and  the  first 
quarter  of  the  Moon  phase.  The  other 
results  for  depths  greater  than  5,6,8  and 
10Km,  show  no  correlation  between  the 
earthquakes at these depths and the Moon 
phase. 
 
5. Conclusions 
The correlation between earthquake 
occurrence  and  Earth  tides  vertical 
(a) Depth ≤ 24Km  (b) Depth ≤ 12Km 
(c) Depth ≤ 10Km  (d) Depth ≤ 8Km 
(e) Depth ≤ 6Km  (f) Depth ≤ 5Km 
Figure 6 Frequency distributions 
(g) Depth > 12Km  (h) Depth > 10Km Tarek Kansowa                                 Appendix A 
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displacement  has  been  investigated  for 
earthquakes with magnitude 4.5 or larger 
in  the  Californian  and  Parkfield  areas. 
Schuster’s test has been used to find out if 
the  earthquakes  tend  to  occur  near 
particular phase angles or not.  The results 
show  that  there  is  no  significant 
correlation  when  all  earthquakes  are 
included.  However  there  is  a  clear 
correlation  between  shallow  earthquakes 
(h ≤ 6 km) and vertical displacement. The 
same  test  has  been  carried  out  to 
investigate  the  relation  between  the 
earthquake  occurrence  and  the  Moon 
phase. There is a tendency for significant 
relations  between  the  moon  phase  and 
earthquake occurring at depths of 12km or 
less. 
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ABSTRACT 
An analysis of Earth deformation, earthquakes and tides 
has been undertaken using Earth tide, GPS data from 
stations in Southern California and the Parkfield area 
and interferometric SAR data from ESA satellites. The 
ability  of  Earth  tides  to  trigger  earthquakes  has  been 
investigated  by  measuring  the  statistical  relation 
between  earthquake  occurrence  and  Earth  tides. 
Earthquakes occurring in the South of  California and 
the  Parkfield  area,  with  magnitude  Mw  larger  than  3, 
during the period 1973 to 2009 have been used. The 
correlation  between  Earth  tides  and  earthquake 
occurrences has been measured statistically by applying 
Schuster’s  test.  Each  earthquake  is  assigned  a  phase 
angle  between   180  and  180  degrees  based  on  the 
occurrence time of the earthquake with respect to the 
local Earth tides. The value of p is used to determine the 
null  hypothesis  that  the  earthquakes  occur  randomly 
with respect to the phase angle of the tidal variation. 
Whilst  no  significant  correlation  is  observed  between 
earthquake occurrence and Earth tides for the data set of 
all the earthquakes more detailed analysis does indicate 
significant correlations. The  earthquakes observed are 
concentrated in two group; the first one near the San 
Andres  Fault  (SAF)  and  the  other  in  Long  Valley 
Caldera to the north east of the San Andreas Fault.  A 
significant correlation has been found for both data sets 
separately  for  small  magnitude  earthquakes  (Mw  less 
than 4). A further analysis has been done for both sets, 
by classifying the data set according to the earthquake 
depth. This produces a more complex result that will be 
discussed  in  this  paper.  To  complement  this  analysis 
differential ERS SAR interferometry data and GPS data 
have  been  used  to  examine  the  surface  deformation 
produced  by  the  California  earthquakes.  The 
interferometric  SAR  data  showing  a  number  of 
interference fringes over a wide area due to a particular 
earthquake  has  been  compared  to  the  GPS  data  for 
individual stations. 
 
1.  OBJECTIVE 
In  this  paper  the  relationship  between  crustal  motion 
and Earth tides is examined. The underlying objective is 
to examine whether tidal forces can trigger earthquakes. 
The area of interest is the South of California and the 
Parkfield area. These are two areas that are defined as 
high earthquake risk. The Californian area is described 
as a large laboratory to study Earth displacements and 
earthquakes as the area is well covered by GPS stations 
and seismic instruments, and it is also well covered by 
satellites such as Envisat, ERS2, which provide a lot of 
information about this area (Donnellan et al. 2002).  
 
2.  EVIDENCE  THAT  TIDES  CAN  TRIGGER 
EARTHQUAKES 
It  has  been  postulated  for  at  least  a  century  that 
earthquakes  and  Earth  tides  are  linked.  The  stress 
associated with Earth tides can be up to 5x10
3Pa and in 
ocean  basins  water  loading  can  build  stresses  up  to 
nearly 5x10
4Pa (0.5 bars) (Cochran et al. 2004). Whilst 
this  stress  is  a  small  fraction  of  the  stress  released 
during an earthquake  which  is typically 5 50MPa for 
moderate and large earthquakes (Allmann and Shearer 
2009) there is evidence that the tidal effects could act as 
a  trigger  as  the  rate  of  change  of  the  periodic  stress 
change by the Earth tide is much larger than the rate of 
change  of  tectonic  stress  (Tanaka  et  al.  2006).  In 
addition, if additional stress is applied to a fault system 
that is near failure it is thought that this may initiate the 
rupture  process  that  produces  an  earthquake  (Emter 
1997). 
One  of  the  earliest  studies  observations  of  possible 
correlations  was  concerned  with  ocean  tides.  It  was 
observed that for several days after an earthquake at Ito, 
Japan, the numbers of earthquakes occurring per hour 
during low tide were higher than during high tide (Nasu 
et al. 1931). There have been a number of recent papers 
that have investigated a possible relationship between 
Earth tides and earthquakes. Several have demonstrated 
a  significant  correlation  with  certain  types  of 
earthquake.  Tanaka  et  al,  2005  studied  the  relation 
between  Earth  tides  and  earthquakes  that  occurred 
before the 2004 Sumatra earthquake Mw= 9.0 (Tanaka 
2005). The results showed a high correlation for the ten 
years  before  the  2004  Sumatra  earthquake  especially 
around  the  initial  rupture  point  of  the  future  large 
earthquake. They did not observe the same correlation 
at other times and over the  larger region.  They also 
observed that the peak earthquake occurrence occurred 
when the  tidal shear stress  was at its  maximum. The 
study  suggests that if the tectonic plate stress is near 
critical condition, a small variation in the stress due to 
the Earth tide can trigger a large earthquake.  
After the October 1983 Miyake Jima volcano eruption, 
for the next 14 days, the hourly number of earthquakes 
peaked at low tide or at high tide (Kasahara 2002). A 
further  eruption  on  8
th  July  2000  was  followed  by  
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several  earthquakes  that  showed  a  similar  correlation 
with  ocean  tides.  Tolstoy,  2002,  found  evidence  that 
Earthquakes  occur  more  frequently  near  low  tides, 
especially the lowest spring tides, when the extensional 
stresses are a maximum in all directions (Tolstoy et al. 
2002).  A  possible  explanation  was  the  decrease  in 
confining  pressure  when  some  of  the  weight  of  the 
ocean  is  removed  at  low  tide.  A  different  result  was 
found by Cochran 2004, (Cochran et. al) who found a 
better  correlation  of  Earth  tides  with  shallow 
earthquakes and when both Earth tides and ocean tides 
are  taken  into  account  large  earthquakes  were  three 
times more likely to occur during high tides than low 
tides.  A  study  of  about  9350  earthquakes  with 
magnitude 5.5 at least has investigated the relationship 
between  earthquake  and  Earth  tides  (Tanaka  et  al. 
2002). The results show that a high correlation appears 
between reverse fault type earthquakes and Earth tides, 
and a significant correlation between large normal fault 
type  earthquakes  and  Earth  tides.  There  was  less 
evidence  that  other  types  of  faults  have  the  same 
correlation with tides. 
 
3.  EARTH TIDES 
The Earth tide is the vertical tidal variation on the Earth 
surface. It consists of two terms; a direct term and an 
indirect term. The direct term is called the body tide and 
is due to the tidal potential, the indirect term is called 
ocean  load  tide  and  occurs  due  to  the  ocean  tide 
(Tanaka  et  al.  2006).  Earth  tide  also  has  another  2 
components;  a  horizontal  tilting  and  a  horizontal 
displacement. Earth tides analysis is used to find out the 
parameters  of  the  module  which  describe  the  Earth 
response  to  Earth  tides  taken  into  account  the  earth, 
station and sensor properties (Wenzel 1997a). 
 
3.1 Tidal Potential 
At  any  point  P  on  the  Earth’s  surface  the  tidal 
acceleration 
→
b can be calculated as the summation of 
the  gravitational  acceleration 
→
p a and  the  orbital 
acceleration 
→
0 a .  The  tidal  acceleration 
→
b   can  be 
formulated by using Newton’s gravitational law and can 
be given as: 
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Where  
G (National gravitational constant) = 6.6672 × 10
 11 m
3. 
Mb = Mass of the celesitial body. 
→
d = Topocentric distance vector. 
→
s = Geocentric distance vector. 
The  tidal  acceleration 
→
b can  be  calculated  as  the 
gradient of the tidal potentialV : 
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Where 
r = Radius  vector 
At geocentre  
→
d  = 0, so as
→ →
=0 r , V = 0 and Eq. 2 can 
be written as: 
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Where  : 
ψ = geocentric zenith angle 
Using a series of Legendre polynomials ) (cosψ l P , Eq. 
3 can be formulated as: 
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r/s is about 1.6*10
 2 and  4*10
 5, for the Moon, and the 
Sun respectively and so the series converges readily. In 
the most accurate catalogues lmax is equal to 6, 3, and 2 
for The Moon, the Sun and other planets respectively 
(Wenzel  1997b).  About  98%  of  the  tidal  potential  V 
comes from degree 2. 
 
3.2 Earth Tides Prediction  
This analysis used the ETERNA 3.30 software package; 
a powerful tool which can be used for Earth tides data 
processing with high accuracy on all areas worldwide. It 
has  been  created  by  Wenzel  1996  and  a  lot  of 
modifications and new models have been added to the 
software  package.  It  enables  recording,  processing, 
analysis and prediction for all the tidal wave parameters 
for  any  place  worldwide  e.g.  Earth  tides  gravity, 
displacement,  strain,  etc.  to  be  predicted  with  high 
accuracy.  
The tidal parameters for about 977 Earth tides stations 
worldwide can be found on web address 
http://www.astro.oma.be/ICET/reg/Tidal_gravity_mode
ling.htm.  The  stations  are  grouped  into  21  groups 
according  to  their  geographical  positions.  The  tidal 
parameters of the study area can be found in NORTH 
AMERICA group which contains about 93 stations. The 
web site provides fifteen tidal wave parameters (M0S0, 
SSA, MF, Q1, O1, P1, K1, J1, OO1, N2, M2, S2, K2, 
M3,  and  M4)  for  different  types  of  Earth  tides 
prediction programs as Predict, MT80w and T soft.  
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4.  RESULTS 
4. 1 Earth Tides Results  
On 22
nd December 2003, an earthquake with magnitude 
Mw 6.5 occurred in the central coast of the Californian 
area at latitude 35.706N and longitude 121.106W. This 
is known as the San Simeon earthquake. Nine months 
later another Earthquake with magnitude Mw 6 struck 
the same area again at latitude 35.815N and longitude 
120.374W.  This  was  based  in  the  region  around 
Parkfield, a region that lies on the San Andreas Fault 
and is characterised by regular earthquakes. Research to 
measure  the  Earth  tidal  vertical  displacement  during 
occurrence of other earthquakes near the epi centre of 
both earthquakes during the  period 1973 to 2007 has 
been done. Earthquakes with magnitude Mw equal to 3 
and  above  have  been  chosen  for  this  research.  The 
research initially investigated an area of about 100km X 
100km centred near the epicentre of both earthquakes in 
the  Californian area. The number of earthquakes  was 
too small to provide accurate results, so the area was 
increased  to  cover  the  area  extending  from  latitude 
33.81N  to  Latitude  37.81N  and  from  longitude 
122.37W  to  longitude  118.37W.  This  is  an  area  of 
450km  X  350km.  There  were  6215  earthquakes 
identified in this area fulfilling the magnitude criterion. 
The locations of all 6215 earthquakes are shown in Fig. 
1. 
The  earthquakes in the line running SE/NW all occur 
along  the  San  Andreas  Fault;  a  continental  transform 
fault that runs a length of roughly 800 miles (1,300Km) 
through California in the United States. Earthquakes to 
the  norteast  are  associated  with  the  Long  Valley;  a 
depression  in  eastern  California  that  is  adjacent  to 
Mammoth Mountain. 
 
 
Figure 1. Earthquakes location with magnitude Mw ≥ 3 
 
Statistical test: 
The  correlation  between  Earth  tides  and  earthquake 
occurrences can be measured statistically by applying 
Schuster’s  test  (Heaton  1975,  1982),  (Tanaka  et  al. 
2002). If the time of the earthquake is plotted against 
the Earth tide a phase angle can be defined.   This phase 
angle is between  180 to 180 as seen in Fig. 2.  
 
 
Figure 2. Tidal phase angle shift (Tanaka et al. 2002) 
Assign 0º and ±180º  to the maximum and the minimum 
of the tidal shear stress respectively just before or after 
each earthquake.. A linear scale with time has been 
used to calculate the tidal phase angle 
 
The Schuster’s test is used to determine if the time of 
the earthquake’s occurrence has a correlation with the 
Earth tide variation. The Schuster’s test can be given as:  
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Where 
N = Number of earthquake 
θ = Phase angle shift 
 
The value of p is used to determine the null hypothesis 
that the earthquakes occurs randomly with respect to the 
phase angle of the tidal variation. The value of p can be 
between 0 and 1, as p approaches 0 the null hypothesis 
that earthquakes occurs randomly tends to be small i.e. 
there is a significant correlation between the Earth tide 
phase  and  the  occurrence  of  earthquakes.  P  is  often 
required  to  be  <  0.05  to  consider  a  significant 
correlation  between  Earth  tides  and  earthquakes 
occurrence (Tanaka et al. 2002). 
The results of p values can be seen in Tab. 1 where the 
p  value  has  been  calculated  for  different  earthquake 
depths.  
The results show that there is no correlation when all 
earthquakes  are  included  or  when  earthquakes  are  
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classified according to their depths. Fig. 1 shows two 
clustering  of  earthquakes;  one  near  the  San  Andres 
Fault (SAF) and the other near the top right of the scene 
(Long  Valley).  The  data  has  been  classified  into  two 
groups; the first one for earthquakes nears the fault and 
the second for the rest of earthquakes. 
 
Table 1.  p values for different earthquake depths 
Depth  Number of earthquakes  p value 
All earthquakes 
 
≤ 12 Km 
≤ 10 Km 
≤ 8 Km 
≤ 6 Km 
≤ 5 Km 
 
> 12 Km 
> 10 Km 
> 8 Km 
> 6 Km 
> 5 Km 
6215 
 
5707 
4503 
4524 
3479 
2590 
 
508 
912 
1691 
2736 
3625 
93.96 % 
 
87.7 % 
88.14 % 
76.14 % 
92.9% 
91.79 % 
 
98.92 % 
76 % 
64.19 % 
95.79 % 
35.78 % 
 
Earthquakes near SAF have been used to find out the 
relation between Earth tides vertical displacement and 
earthquakes occurrence. The number of earthquakes is 
3589 and the maximum and minimum depths are 33Km 
and  near  the  Earth  surface  respectively.  The  p  value 
results can be seen in Tab. 2. 
 
Table 2.  p values for different earthquake depths near 
San Andres Fault 
Depth  Number of 
earthquakes  p value 
All earthquakes 
 
≤ 12 Km 
≤ 10 Km 
≤ 8 Km 
≤ 6 Km 
≤ 5 Km 
 
> 12 Km 
> 10 Km 
> 8 Km 
> 6 Km 
> 5 Km 
3589 
 
3185 
2869 
2354 
1669 
1204 
 
404 
720 
1235 
1920 
2385 
1.82 % 
 
0.24 % 
0.86 % 
1.16 % 
3.27% 
19.88 % 
 
22.22 % 
64.03 % 
43.37 % 
20.58 % 
4.35 % 
 
Fig. 3 shows the frequency distribution of phase shift 
where  the  earthquakes  are  shown  according  to  phase 
angle in bins of 45º width. Following Tanaka (2002), 
the least square sinusoidal curve fitting has been applied 
to the frequency distributions. The equation of the least 
square sinusoidal curve fitting is: 
 
 
) cos( ) ( 1 0 Φ − + = θ θ P P P                        (7) 
 
Where  
θ = Phase angle  
P0 = Mean frequency 
P1 = Amplitude of the fitted curve 
Φ = Phase of the fitted curve 
 
The  range  of  the  earthquakes  depths,  the  p  value 
obtained by the Schuster’s test, and the total number of 
earthquakes included in each data set is shown in the 
top left of each histogram.  
 
     (a) All Data            (b) Depth ≤ 12Km 
 
 
       (c) Depth ≤ 10Km            (d) Depth ≤ 8Km 
 
 
      (e) Depth ≤ 6Km            (f) Depth ≤ 5Km 
 
Figure 3. Frequency distribution for different depths 
near San Andres Fault 
 
The  results  from  Tab.  2  show  that  there  is  a  high 
correlation  between  Earth  tides  vertical  displacement 
and earthquake occurrence for the deeper earthquakes 
(earthquake  depth  >  5Km).  The  phase  angle  where 
earthquakes tend to occur is between 119º to 126º.  
Further  research  has  been  done  to  investigate  the 
correlation  between  earthquakes  and  Earth  tides  for 
different earthquakes magnitude. The data set has been 
divided  into  four  groups  according  to  earthquake 
magnitude.  The  four  sets  are  for  earthquakes  of 
magnitude 3 ≤ Mw ≤ 3.9, 4 ≤ Mw ≤ 4.9, 5 ≤ Mw ≤ 5.9 and 
6 ≤ Mw ≤ 7. The same data set for earthquakes occurring 
near the SAF has been taken and the p value has been 
calculated. Tab. 3 shows the results of Schuster’s test 
for  the  four  sets.  The  results  show  that,  a  significant 
correlation has been found (p = 3.01%) between Earth 
tides  vertical  displacement  and  low  magnitude  
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earthquakes  (3  ≤  Mw  ≤  3.9).  It  should  be  noted, 
however,  that  the  number  of  high  magnitude 
earthquakes  is  relatively  small  and  so  much  less 
credence  can  be  attached  to  the  p  values  for  these 
magnitudes.  
 
Table 3.  p value for different earthquake magnitude 
near San Andres Fault 
Magnitude M  Number of earthquake  p 
3   3.9 
4 – 4.9 
5 – 5.9 
6 – 7 
3135 
394 
54 
6 
3.01 % 
27.56 % 
92.39 % 
36.88 % 
 
Earthquakes  occurring  at  Long  Valley  Caldera  have 
been  used  to  find  the  relation  between  Earth  tides 
vertical displacement and earthquakes occurrence. The 
number of earthquakes is 2626 and the maximum and 
minimum depths are 44Km and near the Earth surface 
respectively. The results of p value can be seen in Tab. 
4 and Fig. 4 shows the frequency distribution of phase 
shift for different depths. 
 
Table 4.  p values for different earthquake depths at 
Long Valley Caldera 
Depth  Number of 
earthquakes  p value 
All earthquakes 
 
≤ 12 Km 
≤ 10 Km 
≤ 8 Km 
≤ 6 Km 
≤ 5 Km 
 
> 12 Km 
> 10 Km 
> 8 Km 
> 6 Km 
> 5 Km 
2626 
 
2522 
2434 
2170 
1810 
1386 
 
104 
192 
456 
816 
1240 
0.09 % 
 
0.08 % 
0.05 % 
0.71 % 
6.35% 
12.2 % 
 
77.32 % 
48.2 % 
7.27 % 
0.28 % 
0.17 % 
 
      (a) All Data            (b) Depth ≤ 12Km 
 
 
      (c) Depth ≤ 10Km            (d) Depth ≤ 8Km 
 
 
     (e) Depth ≤ 6Km           (f) Depth ≤ 5Km 
 
Figure 4. Frequency distribution for different depths at 
Long Valley Caldera 
 
The  results  from  Tab.  4  show  that  there  is  a  high 
correlation  between  Earth  tides  vertical  displacement 
and  earthquake  occurrence  for  the  deeper  shallow 
earthquakes (earthquake depth > 6Km), nearly the same 
results from earthquakes occurring near SAF. The phase 
angle where earthquakes tend to occur is between  53º 
to  57º. Further analysis has been done; the data set has 
been divided into four groups according to earthquake 
magnitude.  The  four  sets  are  for  earthquakes  of 
magnitude 3 ≤ Mw ≤ 3.9, 4 ≤ Mw ≤ 4.9, 5 ≤ Mw ≤ 5.9 and 
6 ≤ Mw ≤ 7. The results can be seen in Tab. 5. The table 
shows that a significant p value (0.15%) appears only 
with  earthquake  of  3  ≤  Mw  ≤  3.9  and  no  significant 
correlation can be found for other magnitude. 
 
Table5.  p value for different earthquake magnitude 
depths at Long Valley Caldera 
Magnitude  Number of earthquake  p value 
3   3.9 
4 – 4.9 
5 – 5.9 
6 – 7 
2371 
224 
28 
3 
0.15 % 
47.29 % 
76.14 % 
17.89 % 
 
Summarized results for various earthquake data subset 
can be seen in Tab. 6. The data is classified by focal 
depth  and  earthquake  magnitude.  The  table  includes 
only  the  results  for  whole  data  sets  and  subsets  with 
significant  p  value.  The  table  consists  of  4  columns; 
Mag.,  Depth,  N,  and  p%  for  earthquakes  magnitude, 
earthquakes  depth,  number  of  earthquakes  and  the  p 
value in percentage respectively. 
It can be seen that SAF area and Long Valley Caldera 
area have the same properties as there is a significant 
correlation  for  both  area  for  the  whole  set  of 
earthquakes,  for  the  deeper  shallow  earthquakes  and 
also  for  earthquakes  with  low  magnitude.  The 
difference is only the phase angle; the phase angle for 
area near SAF is between 119º to 126º and for Long 
Valley  Caldera  is  between   53º  to   57º.  The  phase 
difference between the two phase shifts is about 180º. 
This phase angle difference may due to the fact that the 
earthquakes  near  the  SAF  are    also  near  the  Pacific 
Ocean (some of them occurred in  the Pacific Ocean) 
whilst the earthquakes at Long Valley Caldera are far 
away from the Pacific Ocean. 
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Table 6.   Results of Schuster’s test for different 
earthquake magnitude and depth 
Mag.  Depth (Km)  N  p % 
Mw >= 3 
All  All  6215  93.96 
Near San Andres Fault 
All 
All 
All 
All 
All 
 
All 
 
3 – 3.9 
All 
≤ 12 
≤ 10 
≤ 8 
≤ 6 
 
> 5 
 
All 
3589 
3185 
2879 
2354 
1679 
 
2385 
 
3135 
1.82 
0.24 
0.86 
1.16 
3.27 
 
4.35 
 
3.01 
Long Valley Caldera 
All 
All 
All 
All 
 
All 
All 
 
3 – 3.9 
All 
≤ 12 
≤ 10 
≤ 8 
 
> 6 
> 5 
 
All 
2626 
2523 
2434 
2170 
 
816 
1240 
 
2371 
0.09 
0.07 
0.05 
0.71 
 
0.28 
0.17 
 
0.15 
 
4. 2  GPS Results 
When  the  San  Simeon  earthquake  occurred  in  2003, 
there  were  only  15  GPS  stations  available  near  the 
epicentre.  During  the  next  nine  months  more  GPS 
stations became available and by the time of the second 
earthquake at Parkfield there were 26 stations available 
near the epicentre. 
The displacements of each station which were available 
during the San Simeon earthquake can be seen in Tab. 7 
where  for  each  station  there  are  5  columns;  the  first 
column is the station name, columns from 2 to 4 are the 
displacement of the station in the North (N) direction in 
mm,  the  East  (E)  direction  in  mm  and  the  Up  (U) 
direction in mm respectively and column 5 is the total 
absolute displacement in N E directions in mm. 
 
Table 7.  Stations displacements due to San Simeon 
earthquake 
Sta.Name  OffsetN 
mm 
OffsetE 
mm 
OffsetU 
mm 
N E 
disp. 
mm 
crbt   47.9   37.5   6.6  60.83 
pkdb   17   10.2  4.3  19.83 
mnmc   8.7   9.5   2.9  12.88 
land   11.3   11.7   0.3  16.27 
mida   10.6   11.7   2.8  15.79 
lows   19.6   18.8   1.2  27.16 
carh   9.6   9   2  13.16 
cand   7.4   10.6  0.1  12.93 
tblp   3.8   6.8   1.1  7.79 
rnch   2.1   6   0.8  6.36 
pomm   9.9   11.1   1.2  14.87 
hogs   13.5   11.4  3.3  17.67 
masw   10   10.3   0.5  14.36 
hunt   6.2   10.6   1.4  12.28 
uslo  4.9   0.3   2.4  4.91 
 
Fig. 5 shows the displacements in the GPS stations due 
to  the  San  Simeon  earthquake.  While  only  the  Uslo 
station moved to the north direction, the rest of the GPS 
stations  moved  to  southwest  direction  with  different 
values related to the distance between the earthquake 
epicentre  and  station  and  the  distance  between  the 
station and SAF.  
 
 
Figure 5.  Stations displacements due to San Simeon 
earthquake 
 
In Parkfield area there were 22 stations in place before 
the Parkfield earthquake occurred,  The GPS time series 
of  stations  gdec,  mee1,  p067,  p278,  p295,  p526,  and 
p576 suffer from gaps and the rest are included in the 
analysis. The displacements of each station can be seen 
in Tab. 8 where for each station there are 5 columns 
representing station name, displacement in N direction, 
displacement in E direction, displacement in U direction 
and  absolute  total  displacement  in  N  E  directions 
respectively. 
 
Table 8.  Stations displacements due to Parkfield 
earthquake 
Sta.Name  Offset N 
mm 
Offset E 
mm 
Offset U 
mm 
N E disp. 
mm 
crbt  0.1   5.2   1.8  5.20 
pkdb  11.1   42.9  14.3  44.31 
mnmc   37.7  10.6   7.4  39.16 
land  37   38  0.7  53.04 
mida   43.7  25.2   0.9  50.45  
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lows  5.2   9.1   0.8  10.48 
carh   9.1  12.9  6.1  15.79 
cand   43.2  28.5  1.3  51.75 
tblp   20.9  28.8  3.7  35.58 
rnch  17.9   31.7  6.8  36.40 
pomm  14.2   41.9  9.1  44.24 
hogs  44.9   31.1   3.9  54.62 
masw  44.1   27.8   3.6  52.13 
hunt   36.2  39.7  5  53.73 
uslo  1.6  0.9  0.2  1.84 
 
SAF forms due to the tectonic boundary between the 
Pacific Plate and the North America Plate. The Pacific 
Plate  is  moving  northwest  relative  to  the  North 
American plate. Fig. 6 shows the displacement in GPS 
stations  due  to  Parkfield  earthquake.  While  Stations 
Mnmc, Mida, Carh, Cand, Tblp, and Hunt located in the 
right side of SAF, the rest of GPS stations located in the 
left  side.  While  the  GPS  stations  displacements 
directions is related to the location of the GPS station; 
in the East side (North America Plate) or West side of 
the  fault  (Pacific  Plate),  the  size  of  displacement  is 
related to the distance between the GPS station and the 
earthquake epicentre and the distance between the GPS 
station and SAF. 
The displacement of the GPS stations in the right side 
due to earthquake is in the southeast direction and the 
displacement of the GPS stations in the left side is in 
the northwest direction. These movements are logically 
due to the fact that both side of fault are moving in the 
northwest direction but at different rates. A pressure on 
both sides of the fault has been buildup due to plates 
moving at different rates. While the right  side of the 
fault  is  forced  to  speed  up  its  moving  rate,  other 
pressure  is  applied  on  the  left  side  to  slow  down  its 
moving rate.   
  
4. 3  InSAR Results 
Differential  radar  interferometry  is  a  powerful 
technique  used  in  different  applications.  One  of  its 
applications  is  to  measure  surface  motion  with  mm 
scale precision over km scale areas (Rosen et al. 1996). 
A repeated path for the same area after a certain period 
of  time  can  measure  the  surface  movements.  The 
difference between the two SAR images is determined 
as  an  integer  number  of  wavelengths  which  contains 
information  about  the  areas  topography  and/or  the 
changes in the position of the ground surface during the 
two  images.  Two  SAR  images  acquired  for  a  certain 
area can be used to measure the surface motion if there 
is  a  period  of  time  between  the  two  images.  A 
topographic map can be created when the two images 
are taken from different positions at the same time. 
 
 
Figure 6. GPS Stations displacements due to Parkfield 
earthquake 
 
Repeat  pass  interferometry  is  known  as  the  satellite 
revisit the same area after a period of time. The two 
SAR images can be used to measure the displacement in 
the  line  of  sight  and  an  image  of  interferogram  is 
created and the phase difference at each pixel can be 
shown.  These interferogram are known as a 2π modulo 
and  is  equivalent  to  half  of  the  satellites’  transmitter 
wavelength. 
The  San  Simeon  earthquake  occurred  on  22
nd  of 
December,  2003  at  mountain  area.  Two  SAR  images 
acquired  on  22
nd  of  October,  2003  and  19
th  of  May, 
2004 have been used to extract the earth displacement 
occurred during the period of two images. No fringes 
can be seen from the interferometric image produced. 
Other investigation carried out by using 3  pass system. 
The  first  step  is  to  produce  the  topographic 
interferogram by using the two SAR images acquired 
on 22
nd of October, 2003 and 13th of August, 2003. The 
second step is to produce the deformation interferogram 
by calculating the deformation interferogram from the 
two SAR images acquired on 22
nd of October, 2003 and 
19
th of May 2004 and removing  the topographic data 
produced by step one. Again no fringes can be seen in 
the  resulting  interferogram  and  this  is  related  to  the 
mountainous  nature  of  the  area  and  low  coherence 
between the images used to create the deformation map.  
The  Parkfield  earthquake  occurred  on  28
th  of 
September,  2004.  A  repeated  pass  system  is  used  to 
create  the  deformation  map.  To  create  a  deformation 
map  due  to  the  earthquake,  two  SAR  images  in  a 
descending  orbit  with  400m  perpendicular  baseline 
acquired on 22
nd of July, 2004 and the 4
th of November, 
2004 have been used. Fig. 7 shows the Interferogram 
from 22/7/2004 to 04/11/2004 for the Parkfield area.  
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Figure 7. Interferogram from 22/7/2004 to 04/11/2004 
 
The  interferogram  contains  topographic  data  so  other 
investigations  have  been  done  by  using  3 pass 
technique.  The  topographic  map  has  been  created  by 
using the above two SAR images acquired on 30
th of 
September,  2004  and  22
nd  of  July,  2004.  The 
deformation  map  is  created  by  using  the  two  SAR 
images  from  descending  orbit  with  579.8m 
perpendicular baseline acquired on 30
th of September, 
2004 and the 4
th of November, 2004. Fig. 8 shows the 
deformation map using the 3 pass technique. 
 
 
Figure 8. Interferogram from 30/09/2004 to 04/11/2004 
 
Although the topographic data has been removed from 
the  interferogram,  a  phase  trend  can  be  seen  in  the 
interferogram which related to the lack of orbit precise 
(Capes  1999).  A  more  detailed  analysis  needs  to  be 
done to remove the phase trend. 
 
 
5.  CONCLUSION 
The  correlation  between  earthquake  occurrence  and 
Earth tides vertical displacement has been investigated 
for earthquakes with magnitude Mw 3 or larger in the 
Californian area. Schuster’s test has been used to find 
out  if  the  earthquakes  tend  to  occur  near  particular 
phase angles or not.  The results show that there is no 
significant  correlation  when  all  the  earthquakes  are 
included. When earthquakes classified to two sets; one 
near  SAF  and  other  near  Long  Valley  Caldera,  clear 
correlation appear for both sets. Other results have been 
calculated  to  investigate  the  relation  between  the 
earthquake  occurrence  and  depth.  Clear  correlations 
occur  between  deep  shallow  earthquakes  occurring  at 
depths deeper than 5Km and 6Km  for SAF and near 
Long Valley Caldera respectively. Other investigations 
have  been  done  to  find  out  the  relation  between 
earthquake  occurrence  and  earthquake  magnitude.  A 
clear correlation can be seen for earthquakes with small 
magnitude for both sets. A relation between earthquakes 
occurring and earthquake magnitude has been done. A 
significant correlation can be seen for small magnitude 
earthquakes. 
GPS data shows that during the San Simeon earthquake 
most of the GPS stations moved to the southwest, to the 
epicentre of the earthquake. In the Parkfield area, GPS 
stations  located  in  the  Pacific  Plate  and  the  North 
America  Plate  are  moving  in  the  same  direction, 
northwest,  but  at  different  rates.  The  Pacific  Plate  is 
moving  with  a  higher  speed  than  the  North  America 
Plate. A high pressure builds up between these plates 
due  to  their  different  movement  rate.  The  Parkfield 
earthquake released this pressure and the GPS stations 
located in the Pacific Plate moved to the northwest and 
GPS stations located in the North America Plate moved 
to the southeast. 
Although  InSAR  results  show  that  there  are  some 
fringes related to the Parkfield earthquakes, more data 
analysis needs to be done to improve the results. 
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APPENDIX B 
InSAR Bam Earthquake Results 
B.1 Bam Earthquake 
On 26, December 2003, an earthquake with magnitude Mw= 6.5 struck 
the  Bam  city  which  located  in  the  southeast  of  Iran.  The  epicentre  of  the 
earthquake located at 29.01º N and 58.26º E (Stramondo et al., 2005, Wang et 
al., 2009). More than 26000 people were killed and about 30000 were injured.  
A  lot  of  reasons  combined  together  led  to  the  severe  damage  and  massive 
number of deaths and injuries. The fault causing the earthquake occurred ran 
through the Bam city. In addition the earthquake was shallow (less than 10 km) 
and it occurred in the early morning (01:56 Am local time) and the buildings 
were not built to resist earthquakes (Mission, 2004).  Figure B.1 shows the 
Bam  city  and  surrounding  areas  where  the  Bam  and  Golbaf  faults  can  be 
seen(Mission,  2004).  The  area  is  characterized  as  topographically  and 
morphologically smooth. 
B.2 InSAR Bam Earthquake results 
The  Single  look  Complex  (SLC)  SAR  images  acquired  from  the 
European Space Agency (ESA) were used to analysis the Earth movements 
related to Bam earthquake. First, the ESA on line Catalog (EOLI) was used to 
find  the  available  images  before  and  after  the  earthquake  time.  The  search 
criteria for each SAR image and interferometry are as follow: Tarek Kansowa                                  Appendix B 
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Figure B.1 Satellite map of Bam City and surrounding areas – Bam and 
Golbaf faults seen as red line (Mission, 2004) 
 
First Image:   
1   Date: from 01 Jun – 2003 to 25 Dec 2003 (before the earthquake). 
2   Center Lat/Lon (dd:mm:ss): 29:00:00 / 58:00:00 (near the earthquake 
epicentre). 
3   High/width (km): 10.00 /10.00 
Second Image: 
1   Date: from 26 Dec – 2003 to 01 Jul 2004 (after the earthquake). 
Interferometry: 
1   Date offset(days): From 1 To 35 
The  dates  for  first  image  and  second  image  have  been  chosen  to  be 
before and after the earthquake date respectively. The centre of the search area 
has been chosen to be as near as possible to the epicenter of earthquake. The 
window of search area has to be as small as possible (10 km × 10 km) to 
guarantee the epicentre included in the matching scenes. The most important Tarek Kansowa                                  Appendix B 
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factor, Date offset, is chosen to be 35 days to study the effect of the earthquake 
only. The matching is only one pair of SAR images and the perpendicular base 
line is 570m which may lead the results to include topographic information. 
Table B.1 shows the SAR images characteristic. ESA provided the data on a 
CD ROM  that  include  the  one  tandem  pair  from  3  December  2003  and  7 
January 2004. The data was processed using DORIS software and the results 
can be seen in Figure B.2. 
 
No  Track 
Day 
Different 
(day) 
Base line 
Different 
(m) 
Orbit  Start 
(date/time) 
Stop 
(Date/time) 
Scene 
centre 
Lat. / Long. 
1 
120  35   570 
9192  2003/12/03 
06:12:59.74 
2003/12/03 
06:13:15.74 
29.1385º N 
58.5219º E 
2  9693  2004/01/07 
06:12:59.80 
2004/01/07 
06:13:15.81 
29.1053º N 
58.5066º E 
 
 
 
 
 
 
 
 
 
 
 
Table B.1 Available Interferometry data from ESA Online catalogue – Bam area 
a) Master magnitude image Bam city – orbit 9192 – 03/12/2003 Tarek Kansowa                                  Appendix B 
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b) Slave magnitude image Bam City – orbit 9693 – 07/01/2004 
 
c) Coherence map 
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e) Phase interferogram and topographic 
0        28mm 
Figure B.2 InSAR processing for Bam Area from 03/12/2003 to 07/01/2004 
d) Phase interferogram 
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Figure B.2a,b show the magnitude images of the master and slave SAR 
images  respectively.  Figure  B.2c  shows  the  coherence  between  the  2  SAR 
images where the bright pixels have high coherence and the dark pixels has low 
coherence. Figure B.2d shows the phase interferogram with a high fringe rate. 
The fringes are not related to the deformation but are related to the topographic 
signal. Figure B.2e shows the interferogram phase and topographic. The large 
base line (570 m) is the case of these fringes which can be seen the fringes 
contour follow the topographic.  
To remove the topographic contribution from the map a technique called 
3 pass  technique  has  been  used.  A  third  SAR  image  dated  before  the 
earthquake  time  is  needed.  Now  we  have  3  SAR  images  two  before  the 
earthquake date and one after the earthquake. The pair of SAR images after the 
earthquake is used to remove the topographic contribution on the deformation 
map. Again the the ESA on line Catalog (EOLI) was used to find the available 
images before the earthquake. One of the pair images should be at the same day 
as the one used previously before the earthquake i.e. dated 03/12/2003. The 
new search criteria are as follow: 
First Image: 
1   Date: from 01 Jun – 2003 to 25 Dec 2003 (before the earthquake). 
2   Center Lat/Lon (dd:mm:ss): 29:00:00 / 58:00:00 (near the earthquake 
epicentre). 
3   High/width (km): 10.00 /10.00 
Second Image: 
1   Date: 01 Jun – 2003 to 25 Dec 2003 (before the earthquake). 
Interferometry: 
1   Perpendicular Base line(m): From 1 To 570 
Three  pairs  of  SAR  images  are  provided  by  EOLI  and  their 
characteristic can be seen in Table B.3. The first pair is the suitable one and the 
same  software,  Doris,  has  been  applied  again  with  some  modification  to 
remove the topographic signal from the scene. The processing is consistent of Tarek Kansowa                                  Appendix B 
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two steps; TOPO mission and DEFO mission. TOPO mission uses one pair of 
SAR  images  dated  before  earthquake  to  obtain  topographic  signal.  DEFO 
mission is divided to two parts first, obtain the phase difference between the 
second pair and then remove the topographic signal by using the results from 
TOPO  mission.  The  SAR  SLC  images  used  to  obtain  topographic  and 
deformation are listed in tableC.3. Results for TOPO mission can be seen in 
Figure B.3. 
 
Pair 
No.  Track 
Day 
Different 
(day) 
Base line 
Different 
(m) 
Orbit  Start(date/time)  Stop(Date/time) 
1  120  175   450 
6687 
2003 06 11 
06:12:55.76 
2003 06 11 
06:13:11.76 
9192  2003 12 03 
06:13:03.49 
2003 12 03 
06:13:19.49 
2  392  70   532 
6959  2003 06 30 
06:15:50.61 
2003 06 30 
06:16:06.61 
7961  2003 09 08 
06:15:57.98 
2003 09 08 
06:16:13.98 
3  392  35   93 
7961  2003 09 08 
06:15:57.98 
2003 09 08 
06:16:13.98 
8462  2003 10 13 
06:15:54.04 
2003 10 13 
06:16:10.04 
 
 
 
Miss  
ion  Track 
Day 
Different 
(day) 
Base line 
Different 
(m) 
Orbit  Start 
(date/time) 
Stop 
(Date/time) 
Scene 
centre 
Lat. / Long. 
TOPO  120  175   450 
9192 
2003 12 03 
06:13:03.49 
2003 12 03 
06:13:19.49 
29.1385º N 
58.5219º E 
6687  2003 06 11 
06:12:55.76 
2003 06 11 
06:13:11.76 
29.1456º N 
58.5274º E 
DEFO  120  35   570 
9192  2003/12/03 
06:12:59.74 
03/12/2003 
06:13:15.74 
29.1385º N 
58.5219º E 
9693  2004/01/07 
06:12:59.80 
07/01/2004 
06:13:15.81 
29.1053º N 
58.5066º E 
 
Table B.2 Available Interferometry data from ESA Online catalogue to 
obtain topographic signal before Bam earthquake 
Table B.3 Available Interferometry data from ESA Online catalogue to 
obtain topographic signal and deformation for Bam 2003 earthquake Tarek Kansowa                                  Appendix B 
 
 
     158 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b) Slave magnitude Image – 
 11/06/2003   Orbit 6687 
a)  Master magnitude Image – 
03/12/2003   Orbit 9192 
Figure B.3 SAR images and results after applying SAR processing steps – 
TOPO pair 
c) Coherence map 
0            1 
d) Phase Interferogram 
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Figure B4a,b are the master and slave SAR images which used to obtain 
the topographic signal on the Bam before Bam Earthquake.  Figure B.3c is the 
coherence map between the two images where white pixels (near to value of 1) 
mean high coherence and dark pixels (near to value of 0) mean low coherence. 
Figure B.3d has to be the phase difference for Bam area during the period of 
the two SAR images (before earthquake) but it can be seen that the fringes 
appear related to topographic signal. Figure B.4 shows the results of DEFO 
mission by using DEFO pair listed in Table B.3. 
 b) Slave magnitude image – 
 07/01/2004   Orbit 9693 
a)  Master magnitude Image –  
03/12/2003   Orbit 9192 
0            1  0      28mm 
d) Phase Interferogram  c) Coherence map 
Figure B.4 SAR images and results after applying SAR processing steps – TOPO pair Tarek Kansowa                                  Appendix B 
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The results of TOPO pair are used to remove the topographic signal 
from the DEFO pair. Figure B.5 shows the results of DEFO pair after removing 
topographic  signal.  Figure  B.4.a  shows  a  number  of  fringes  related  to  the 
earthquake, each fringe is 28 mm (half the wave length of ENVISAT satellite 
signal).  Figure  B.4b  shows  the  mixing  of  the  deformation  map  and  the 
topographic scene of the area. 
 
 
0mm              28mm 
a)  Deformation map during period 03/12/2003 to 07/01/2004 – Bam Area  Tarek Kansowa                                  Appendix B 
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Further investigation has been done by using different SAR images for 
the same event. The same 3 pass technique and the same processing steps have 
been applied. The search area has to be larger (100 km ×100 km instead of 10 
b) Mix of deformation map and topographic during period 03/12/2003 to 07/01/2004 
– Bam Area  
 
Figure B.5 Deformation map and Mix of deformation map and topographic – Bam 
earthquake 
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km × 10 km) and to reduce the Perpendicular Base line to be maximum of 100 
m. Also Date offset has to be maximized to 110 to get more matches. The 
search criteria for each SAR image pair and interferometry are as follow: 
First Image:   
1   Date: from 01 Jun – 2003 to 25 Dec 2003 (before the earthquake). 
2   Center Lat/Lon (dd:mm:ss): 29:00:00 / 58:00:00 (near the earthquake 
epicentre). 
3   High/width (km): 100.00 /100.00 
Second Image: 
1   Date: from 26 Dec – 2003 to 01 Jul 2004 (after the earthquake). 
Interferometry: 
1   Date offset(days): From 1 To 110 
2   Perpendicular Base line(m): From 1 To 100 
Table  B.4  shows  the  available  SAR  SLC  images  to  be  used  in  this 
investigation. There are one SAR images before the earthquake (2003 11 16) 
and two SAR images after the earthquake (2004 01 25 and 2004 02 29). So the 
two SAR images after the earthquakes are used to obtain the topographic signal 
(TOPO mission). Table B.4 shows the TOPO and DEFO pairs used in this 
investigation. 
 
 
Miss  
ion  Track 
Day 
Different 
(day) 
Base line 
Different 
(m) 
Orbit  Start 
(date/time) 
Stop 
(Date/time) 
Scene 
centre 
Lat. / Long. 
TOPO  385  70   37 
9958  2004 01 25 
17:57:27.33 
2004 01 25 
17:57:43.33 
29.0917º N 
58.8999º E 
10459 
2004 02 29 
17:57:27.74 
2004 02 29 
17:57:43.74 
29.0292º N 
58.9125º E 
DEFO  385  105   6 
9958  2004 01 25 
17:57:27.33 
2004 01 25 
17:57:43.33 
29.0917º N 
58.8999º E 
8956 
2003 11 16 
17:57:27.94 
2003 11 16 
17:57:43.94 
29.0138º N 
58.9181º E 
Table B.4 Available Interferometry data from ESA Online catalogue to obtain 
topographic signal and deformation for Bam 2003 earthquake Tarek Kansowa                                  Appendix B 
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Results for TOPO mission and DEFO mission can be seen in Figure B.6 
and Figure B.7 respectively. Figure B.8 shows the deformation map of the area 
during the period of 16/11/2003 to 25/01/2004. 
 
 
                  c) Coherence map 
 
      d) Phase Interferogram 
 
0             28mm  0             1 
Figure B.6 SAR images and results after applying SAR processing steps – TOPO 
pair 
 
a)  Master magnitude Image –  
2004 01 25   Orbit 9958 
b) Slave magnitude Image –  
     2004 02 29   Orbit 10459 
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a)  Master magnitude Image – 
2004 01 25   Orbit 9958 
b) Slave magnitude Image – 
 2003 11 16   Orbit 8956 
Figure B.7 SAR images and results after applying SAR processing steps – 
DEFO pair 
 
0            1  0      28mm 
c) Coherence map 
 
d) Phase Interferogram 
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The results show that the 3 pass technique using Doris software package 
succeed to obtain the Earth displacement related to the Bam earthquake. 
 
 
 
 
Figure B.8 Deformation map during period 16/11/2003 to 25/01/2004 – Bam Area 
 
 
 
0                       28mm  
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APPENDIX C 
Correlation between Vertical Strain and Earthquake Occurrence 
C.1 Vertical Strain Results 
  Earth tides vertical strain has been used to investigate the correlation 
between the Earth tides and earthquake occurrence. The same area and same 
data set has been used as the one used inside the thesis. First, the earthquakes 
with magnitude Mw ≥ 4.5 have been used then the earthquakes with magnitude 
Mw ≥ 3 have been analysed. 
C.2 Result for Earthquakes with Magnitude Mw ≥ 4.5  
  Earthquake with magnitude Mw ≥ 4.5 occurred during the period 1973 to 
2009 have been used to investigate the relation between the vertical strain and 
earthquake  occurrence.    The  area  identified  was  from  latitude  33.81º  N  to 
Latitude 37.81º N and from longitude 122.37º W to longitude 118.37º W and 
the  number  of  earthquakes  is  equal  to  242.  p  values  and  phase  angle  for 
significant p value (p < 5%) can be seen in Table C.1.  
  The results show that there is no correlation between Earth tides vertical 
strain and earthquake occurrence when all earthquakes included. The p value of 
earthquakes  occurred  at  depth  ≤  12  km  is  improved  (47.66%)  but  still  not 
significant. When earthquakes occurred at depth ≤ 10 km are used, the number 
of earthquakes is reduced to 172 and the p value is improved to 21.28%. The Tarek Kansowa                                  Appendix C 
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Table C.1 p values for different earthquake depths 
results  show  that  as  the  earthquakes  become  shallower  p  value  becomes 
significant. The number of earthquakes occurred at depths ≤ 8 km, ≤ 6 km, ≤ 5  
km are 117, 80, 50 respectively and their p values equal to 11.18%, 9.42%, and 
0.05% respectively. The p value improved as the depths of earthquakes become 
smaller. A significant p value (0.05%) can be seen for earthquakes occurred at 
depth ≤ 5 km. The results indicate that there is a significant correlation between 
Earth tides vertical strain and earthquake occurrence for earthquakes occurring 
at depth ≤ 5 km. Figure C.1 shows the histogram of phase angle and their 
frequency. The earthquakes depth, the p value and the number of earthquakes 
are shown in the top right of the histogram. 
 
 
 
Depth  Number of earthquakes  p value  Phase angle 
All earthquakes 
 
Less than or equal 12 km 
Less than or equal 10 km 
Less than or equal 8 km 
Less than or equal 6 km 
Less than or equal 5 km 
 
Larger than 12 km 
Larger than 10 km 
Larger than 8 km 
Larger than 6 km 
Larger than 5 km 
242 
 
199 
172 
117 
80 
50 
 
43 
70 
125 
162 
192 
62.95 % 
 
47.66 % 
21.28% 
11.18 % 
9.42% 
0.05% 
 
93.92% 
48.34% 
78.25% 
91.45% 
61.71% 
 
 
 
 
 
 
 68º 
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Table C.2 p values for different earthquake depths 
 
C.3 Result for Earthquakes with Magnitude Mw ≥ 3  
Earthquakes with magnitude Mw ≥ 3 have been chosen to investigate at 
the same area (33.81º N to 37.81º N and l 122.37º W to 118.37º W) and the 
same time period (1973 to 2009) to investigate the relation between Earth tides 
vertical strain and earthquake occurrence. The number of earthquakes is equal 
to 6215 and the p values for different earthquakes depths have been calculated. 
Table C.2 shows the results of p values for different earthquakes depths. 
 
Depth  Number of earthquakes  p value 
All earthquakes 
 
Less than or equal 12 km 
Less than or equal 10 km 
Less than or equal 8 km 
Less than or equal 6 km 
Less than or equal 5 km 
 
Larger than 12 km 
Larger than 10 km 
Larger than 8 km 
Larger than 6 km 
Larger than 5 km 
6215 
 
5707 
4503 
4524 
3479 
2590 
 
508 
912 
1691 
2736 
3625 
83.22 % 
 
76.13 % 
80.97 % 
75.06 % 
92.60 % 
96.57 % 
 
36.24 % 
95.79 % 
79.80 % 
78.32 % 
81.82 % 
Figure C.1 Frequency distribution for earthquake depth ≤ 5 Km Tarek Kansowa                                  Appendix C 
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Table C.3 p values for different earthquake depths Near SAF 
   The  results  show  that  there  are  no  significant  correlation  when  all 
earthquakes  included  or  for  any  earthquakes  depths.  The  earthquakes  are 
clustered in two areas; near SAF and at Long Vole Caldera (see 5.4.2). The 
group of earthquakes is classified to two sets and each set is investigated to find 
out if there is a correlation between Earth tides vertical strain  and earthquake 
occurrence or not. 
C.3.1 Result for Earthquakes with Magnitude Mw ≥ 3 Near SAF 
  Earthquakes  occurred  near  SAF  have  been  used  to  investigate  the 
relation between Earth tides vertical strain and earthquakes occurrence. The 
number  of  earthquakes  is  equal  to  3607  and  the  p  values  for  different 
earthquakes  depths  and  phase  angle  for  significant  p  values  can  be  seen  at 
Table  C.3.  Figure  C.2  shows  the  frequency  distribution  for  different 
earthquakes depths near SAF. 
 
 
Depth  Number of earthquakes  p value  Phase angle 
All earthquakes 
 
Less than or equal 12 km 
Less than or equal 10 km 
Less than or equal 8 km 
Less than or equal 6 km 
Less than or equal 5 km 
 
Larger than 12 km 
Larger than 10 km 
Larger than 8 km 
Larger than 6 km 
Larger than 5 km 
3607 
 
3189 
2873 
2360 
1681 
1212 
 
418 
734 
1247 
1926 
2395 
2.82 % 
 
0.42 % 
1.38 % 
1.10 % 
2.65% 
19.30 % 
 
27.82 % 
81.44 % 
77.41 % 
42.92 % 
11.01 % 
 58º 
 
 65º 
 66º 
 65º 
 63º 
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c) Depth ≤ 10 Km  d) Depth ≤ 8 Km 
 
a) All Data  b) Depth ≤ 12Km 
 
Figure C.2 Frequency distribution for different depths near SAF 
 
e) Depth ≤ 6 Km 
 
f) Depth ≤ 5 Km 
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Table C.4 p values for different earthquake magnitudes near San Andreas Fault 
The results show that there is a significant correlation between Earth 
tides vertical strain and earthquake occurrence when all earthquakes included. 
The phase angle of the peak value of the smoothed curve is equal to  58º. The 
significant correlation appears for earthquakes at depths ≥ 12 km, ≥ 10 km, ≥ 8 
km, ≥ 6 km and the phase angles for the peaks of the smoothed curves are 
ranged between  63º to  66º. Further research has been done to investigate the 
correlation between Earth tides vertical strain and earthquake occurrence for 
different earthquakes magnitude. Table C.3 shows the calculated p value for 
different earthquakes magnitude and the phase angle for significant p. 
 
Magnitude Mw  Number of earthquake  p  Phase angle 
3   3.9 
4 – 4.9 
5 – 5.9 
6 – 7 
3151 
396 
54 
6 
3.02 % 
29.29 % 
76.65 % 
35.54 % 
 45º 
 
 
 
About 88% of the earthquakes have a magnitude between Mw = 3 to 
Mw=3.9 and p value equal to 3.02%. The results show that there is a significant 
correlation between Earth tides vertical strain and earthquakes occurrence for 
low earthquakes magnitude. Figure C.3 shows the frequency distribution for 
earthquakes with magnitude range from Mw = 3 to Mw=3.9. 
Figure C.3 Frequency distribution for low magnitude earthquakes near SAF with 
small magnitude 
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Table C.5 p values for earthquakes with Mw ≥ 3 at Long Valley Caldera 
C.3.2  Result  for  Earthquakes  with  Magnitude  Mw  ≥  3  at  Long  Valley 
Caldera 
  Earthquakes occurred near Long Valley Caldera with magnitude Mw ≥ 3 
during the period of 1973 to 2009 have been used to investigate the relation 
between  Earth  tides  vertical  strain  and  earthquakes  occurrence.  Table  C.5 
shows the calculated p values for different earthquake depths. 
 
 
Depth  Number of earthquakes  p value  Phase angle 
All earthquakes 
 
Less than or equal 12 km 
Less than or equal 10 km 
Less than or equal 8 km 
Less than or equal 6 km 
Less than or equal 5 km 
 
Larger than 12 km 
Larger than 10 km 
Larger than 8 km 
Larger than 6 km 
Larger than 5 km 
2461 
 
2387 
2302 
2044 
1702 
1304 
 
74 
159 
417 
759 
1157 
0.08 % 
 
0.12 % 
0.06 % 
0.71 % 
5.34% 
10.74 % 
 
17.37 % 
7.56 % 
9.15 % 
0.34% 
0.23% 
136º 
 
130º 
126º 
132º 
 
 
 
 
 
 
 35º 
 36º 
   
Figure C.4 shows the frequency distribution for different earthquakes 
depths which have significant p value 
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a) All Data  b) Depth ≤ 12 Km 
Figure C.4 Frequency distribution for different depths at Long Valley Caldera 
c) Depth ≤ 10 Km  d) Depth ≤ 8 Km Tarek Kansowa                                  Appendix C 
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Table C.6 p values for different earthquake magnitude at Long Valley Caldera 
Other investigation has been done to investigate the correlation between 
Earth tides vertical strain and earthquake occurrence for different earthquakes 
magnitude.  Table  C.6  show  the  calculated  p  values  and  phase  angle  for 
significant p values for different earthquakes magnitude. 
 
 
Magnitude  Number of earthquake  p  Phase angle 
3   3.9 
4 – 4.9 
5 – 5.9 
6 – 7 
2221 
210 
27 
3 
0.14 % 
43.72 % 
79.63 % 
17.93 % 
139º 
Figure  C.5  shows  the  frequency  distributions  for  low  magnitude 
earthquakes occurred at the Long Valley Caldera. 
Figure C.5 Frequency distribution for low magnitude earthquakes at Long Valley 
Caldera 
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The results near SAF and Long Valley Caldera for Earth tides vertical 
strain and earthquakes occurrence is nearly the same for Earth tides vertical 
displacement and Earth tides. The phase angles at the peaks of the smoothed 
curves are different with 180º.  Tarek Kansowa                 References 
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